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Through common descent, closely-related taxa share many life history traits, 
some of which can influence extinction-proneness.  Thus, examining historical and 
contemporary genetic patterns is valuable in accounting for evolutionary and ecological 
processes that may be critical to the successful conservation of threatened species. 
Unsustainable harvesting of monk seals (tribe Monachini) until the late nineteenth 
century caused the recent extinction of Caribbean monk seals (Neomonachus tropicalis) 
and critically low population sizes for Hawaiian and Mediterranean monk seals 
(Neomonachus schauinslandi and Monachus monachus, respectively).  Having lost one 
branch of its evolutionary lineage, and with a second branch threatened by extinction, the 
genus Neomonachus can serve as a valuable case for examining evolutionary and 
ecological linkages that are sensitive to non-random anthropogenic selection pressure. 
An important foundation for such pursuits is the understanding of evolutionary 
sequences of speciation and diversification that gave rise to common traits shared by 
extinct and vulnerable species.  Further consideration of the phylogenetic non-
randomness of species vulnerability requires examination of genetic variation at the 
population level to infer the presence of fundamental processes (e.g., migration and 
reproduction) that directly influence population viability.   
 
 This dissertation includes three individual studies that make use of molecular 
systematic and population genetic techniques to address these topics.  First, a complete 
mitochondrial genome sequence of the extinct Caribbean monk seal (N. tropicalis) was 
assembled and used to resolve long-standing phylogenetic questions regarding the 
sequence of divergence among monk seal species and sister taxa.  Second, novel 
microsatellite marker assays were developed and used to characterize the extent of 
population-level variation across 24 polymorphic microsatellite loci of 1192 endangered 
Hawaiian monk seals (N. schauinslandi) that were sampled during a longitudinal study 
spanning three decades.  Third, resulting genotypes from a subset of individuals (N= 785) 
were integrated with previously reported genotypes consisting of 18 other loci for the 
largest ever population-level assessment of N. schauinslandi genetic diversity and 
population differentiation throughout the Hawaiian archipelago.  The new microsatellite 
data will be of particular value for future individual-level assessment of parentage and 
relatedness in N. schauinslandi, which will help managers better infer the reproductive 
mechanisms that factor into population persistence and recovery. 
 Results of this study expand understanding of the evolutionary and conservation 
genetic status of monk seals, as well as molecular genetic capacity, for future research 
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CHAPTER 1. INTRODUCTION 
Biodiversity loss has been occurring at a pace far greater than background rates 
inferred from pre-human fossil records, largely as a result of human activities (Pimm et 
al., 1995; Wilson, 2001).  There is mounting evidence that suggests that these 
anthropogenic activities can induce rapid evolutionary change (Dulvy et al., 2003; Mace 
and Purvis, 2008; Stockwell et al., 2003), thus presenting scientists in the field with one 
of the greatest challenges ever encountered (Myers, 1996). 
Studies of species extinction patterns have found that biodiversity loss tends to be 
phylogenetically non-random, and have suggested that entire clades are likely to be 
disproportionately lost in the future due to shared life history traits that render closely-
related species vulnerable to extinction (Cardillo et al., 2008; Mace and Purvis, 2008; 
McKinney, 2006; Purvis et al., 2000b).  Associated with biodiversity loss are negative 
consequences such as the loss of genetic variation, and the disruption or degradation of 
fundamental evolutionary processes (e.g., adaptation, speciation, extinction) (Myers, 
1996).  To begin to fully understand the implications of these trends and adequately 
inform conservation action, it is necessary to look more closely at fine-scale factors 
contributing to extinction risk at the individual, population, and species levels.   
Factors that contribute to extinction include small population size, constricted or 
isolated geographic distribution, reduced effective population size, demographic and 
environmental stochasticity, allee effects mediated by behavior (e.g., aggression, mate 
choice), anthropogenic impacts (e.g., habitat fragmentation, unsustainable consumption, 
climate change), natural selection, reduced genetic variation, and inbreeding depression.  
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Recent pedigree data from wild populations, and advances in molecular and analytical 
tools for tracing patterns of inbreeding, have enabled success in detecting inbreeding 
depression within and among populations (Liberg et al., 2005; Raga, 2002; Saccheri et 
al., 1998).  Levels of inbreeding depression in small populations have been found to vary 
across taxa, populations, and environments, but are often substantial enough to influence 
factors such as birth weight, survival, reproduction, and resistance to disease, thereby 
impacting both individual and population performance (Keller and Waller, 2002).  This 
then compromises resilience to environmental and demographic stochasticity as well as 
anthropogenic threats, thus increasing the vulnerability of the populations to further 
decline.  Such relationships can occur in a mutually-reinforcing feedback loop that may 
ultimately lead to species extinction, a process known as the ‘extinction vortex’ (Soulé, 
1987; Soulé and Mills, 1998).   
For many species the extinction vortex is set into motion or exacerbated by 
unsustainable use by humans (Courchamp et al., 2006; Rosser and Mainka, 2002), which 
is considered one of the most serious conservation threats in marine environments and is 
the source of  many ongoing conservation problems for marine mammals (Reeves and 
Reijnders, 2002).  Pinniped species have been especially impacted by heavy harvesting 
levels due to demands for food, leather, fur, and blubber, particularly between the 
seventeenth and early twentieth centuries.  Since then, the pressure from harvesting has 
been significantly curtailed through protective legislation and international treaties 
regulating harvest and habitat protection, enabling some species (e.g., the northern 
elephant seal (Mirounga angustirostris), the California sea lion (Zalophus californianus), 
and the harbor seal (Phoca vitulina)) to recover (Bonnell and Selander, 1974; Hoelzel, 
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1999). Yet, other populations and species are failing to recover, perhaps most notably in 
tribe Monachini, which is comprised of the extinct Caribbean monk seal (Neomonachus 
tropicalis), the endangered Hawaiian monk seal (Neomonachus schauindslandi), and the 
endangered Mediterranean monk seal (Monachus monachus). 
The Phylogenetic Relationships of Monk Seals   
Numerous hypotheses regarding the evolutionary history of pinnipeds have been 
based on morphological, fossil, or molecular evidence (Arnason et al., 2006; Davis et al., 
2004; Fyler et al., 2005; Higdon et al., 2007; Scheel et al., 2014; Wyss, 1988), with 
varying degrees of agreement.  For example, N. schauinslandi and N. tropicalis share 
more morphological similarities than either does with M. monachus, suggesting a more 
recent divergence time for N. schauinslandi and N. tropicalis (Higdon et al., 2007).  
Molecular studies have identified a large divergence time between M. monachus and N. 
schauinslandi (Higdon et al., 2007).  Yet, the oldest monachine fossil, dating to 
approximately 14.5 MYA, was found along the Atlantic coast of the southeastern United 
States (the historical range of N. tropicalis), and exceeds the age of the oldest monachine 
fossils found in Europe, thus suggesting that N. tropicalis may be more basal than either 
of its two sister species (assuming that no other common ancestors remain to be 
discovered in the fossil record). 
The Population Status of Monk Seals  
 Tribe Monachini (genus Monachus and genus Neomonachus) is the only group of 
modern phocid seals that inhabits temperate subtropical waters (Higdon et al., 2007).  
Historical records of M. monachus observations date back to 2,500 years ago, when the 
species range was continuous from the Black and Mediterranean seas to the eastern 
Atlantic Ocean (McClenachan and Cooper, 2008).  The first records of a severe 
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population decline in the eastern Mediterranean appeared during the Roman era, when 
monk seals were a valuable source of oil, fur, and medical products (Johnson and 
Lavigne, 1999).  Declines followed for populations in the western Mediterranean and 
eastern Atlantic, due to sealing activity by the Spanish and Portuguese that continued 
until the sixteenth century (International Union for the Conservation of Nature, 2016).  
Deliberate killing by fishermen due to perceived losses of catch and fishing gear damage 
has also been common since the Roman era and continues today (Gucu et al., 2004).  The 
two main remaining populations are distributed at the extreme limits of the historical 
range and are both at the brink of extinction.  Along the Western Sahara coast, 
approximately 130 individuals comprise what is thought to be the only colony that retains 
a social structure believed to be natural to M. monachus (Forcada et al., 1999). Over 
4,000 km away, the second population is composed of 250-300 individuals, which inhabit 
the eastern Mediterranean sea along the coast of Greece and Turkey, as well as several 
small fragmented groups that can be found along islands in the Ionian and Aegean Seas 
(International Union for the Conservation of Nature, 2016).  
N. tropicalis was once widely distributed throughout the western Atlantic Ocean, 
the Gulf of Mexico, and the Caribbean Sea.  Fossil and sighting records suggest that its 
range was bound by the southeastern United States to the north, and Venezuela to the 
south (McClenachan and Cooper, 2008).  Population estimates based on a synthesis of 
historical accounts suggest that between 233,000 and 338,000 seals were once distributed 
among 13 breeding colonies throughout the West Indies (Figure 1) (McClenachan and 
Cooper, 2008).  With the European colonization of the West Indies came heavy 
harvesting pressure for food and oil until the late 1890s, which caused chronic range 
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constriction and population decline. The last individual was observed in the wild in 1952, 
and in 2008, the species was officially declared extinct.   
The range of N. schauinslandi includes the entire Hawaiian Archipelago, which 
spans 2,500 km. The archipelago is distinguished by two groups of atolls, islets, and 
islands, which are classified as the Northwest Hawaiian Islands (NWHI, also designated 
as Papahānaumokuākea Marine National Monument), and the main Hawaiian Islands 
(MHI).  Although historical counts of total population size are limited (Schultz et al., 
2011), evidence suggests that the population has undergone at least three serious declines.  
The first decline occurred in subpopulations inhabiting the MHI, where harvest by 
Polynesian colonizers resulted in extirpation during the fifth and sixth centuries (Schultz 
et al., 2009).  A second decline followed shortly after the arrival of European sailors 
during the nineteenth century, when all six primary monk seal subpopulations occupying 
the NWHI were hunted nearly to extinction.  Despite several decades of population 
recovery during the first half of the twentieth century, observations recorded since the 
late 1950s show that the population is once again declining.  Low juvenile survival and 
female reproductive rates are the proximate causes of the contemporary population 
decline (Schultz et al., 2010), but its ultimate causes remain unclear.  Potential influences 
of genetic factors on disease epidemics, juvenile mortality, and reproductive rates are a 
top concern (Schultz et al., 2009). 
Currently, six primary subpopulations are found in the Northwest Hawaiian 
Islands, at French Frigate Shoals, Laysan, Lisianski, Pearl and Hermes Reef, Midway 
Atoll, and Kure Atoll.  Each year a small number of individuals are also observed on 
Necker and Nihoa Islands, and at Maro Reef, Gardner Pinnacles, and occasionally 
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Johnston Atoll. Documented observations also suggest that recolonization and population 
growth are occurring on the Main Hawaiian Islands (Baker and Johanos, 2004).  The 
collection of subpopulations throughout the Hawaiian archipelago comprises a panmictic 
metapopulation (Schultz et al., 2011).  Approximately 1250 individuals remain. Models 
predict that if current population trends continue, the species could become extinct within 
50 years (International Union for the Conservation of Nature, 2016).  
Long term monitoring of N. schauinslandi across its core range of the 
Northwestern Hawaiian Islands has enabled spatially and temporally comprehensive 
observations of reproduction and survival.  More than 85% of the pups weaned since the 
1980s have been marked in their birth year, and re-sighted throughout their lifetimes, 
resulting in coverage spanning four to five generations (Baker and Thompson, 2007).  
Approximately 4200 individuals in the NWHI have been tagged, two of which have been 
re-sighted in the Main Hawaiian Islands (Baker and Johanos, 2004; Baker and 
Thompson, 2007).  Genotypes have been processed for approximately 2,400 individuals, 
among which replicate sampling is expected for approximately 250 individuals. 
 As large-bodied mammals that were once over-harvested, that occupy a high 
trophic level in the food chain, exhibit low reproductive rates, and have high habitat 
specificity, extant monk seal species face a high risk of extinction (Mace and Purvis, 
2008; Purvis et al., 2000a, 2000b).  Both N. schauinslandi and M. monachus are listed as 
critically endangered on the International Union for the Conservation of Nature (IUCN) 
Red List of Threatened Species (International Union for the Conservation of Nature, 
2016), and endangered on the list of species protected by the US Endangered Species Act 
(US Endangered Species Act of 1973).   
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The Conservation Genetics of Monk Seals 
For extant Monachus species, genetic information has been used to explore 
phylogenetic relationships, determine population structure, infer demographic events, and 
quantify genetic diversity, using increasingly more powerful molecular tools as they 
become available.  Genetic diversity is the raw material required for organisms to adapt 
to environmental change and is therefore essential to population persistence (Frankham, 
2002).  A drastic decrease in population size results in depletion of the genetic variations 
found within a population, which has been shown to increase the likelihood for the 
expression of deleterious recessive alleles, and reduce fitness and time to extinction 
(Hedrick, 2001; Spielman et al., 2004).  
With the exception of N. tropicalis, whose extinction predates the application of 
genetic techniques for population monitoring, monk seal genetic diversity has been 
quantified by measuring haplotype, nucleotide, and allelic diversity, proportions of 
polymorphic loci, and heterozygosity (for a detailed review, see Schultz, 2011).  
Assessments have included comparisons of nucleotide markers observed in non-coding 
regions of mitochondrial DNA (mtDNA) and in nuclear DNA (microsatellites), which are 
assumed to be relatively neutral to natural selection.  Markers from a major 
histocompatibility complex (MHC) coding region have also been used in a preliminary 
study of adaptive genetic variation (Aldridge et al., 2006). 
The first indications of low genetic diversity were reported by Kretzman et al. 
(1997), who found only three unique haplotypes in mtDNA samples from 50 individuals 
from the N. schauinslandi population.  Using microsatellites, Gemell et al. (1997) also 
found low levels of variation (three polymorphic loci out of 20 examined) in N. 
schauinslandi as compared to M. monachus (17 out of 20 loci examined were 
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polymorphic).  This difference is noteworthy considering the contrasting population size 
and structure of each species.  In subsequent studies Pastor et al. (2004, 2007) found 
similar levels of polymorphism by testing a larger number of markers in genetic samples 
collected from individuals among remaining reproductively isolated M. monachus 
(Western Sahara and eastern Mediterranean).  Both populations were found to share 52% 
of alleles, and to have low mean expected heterozygosity (0.38 and 0.32 for Western 
Saharan and eastern Mediterranean, respectively).  This confirmed that despite the 
smaller sizes of these populations, they both have greater genetic variability than N. 
schauinslandi. 
Most recently, Schultz et al. (2009, 2011) determined that N. schauinslandi 
comprises a single, panmictic population that experienced a severe population bottleneck 
in recent evolutionary history and is now severely depauperate of genetic variation. 
Research Focus  
 Genus Neomonachus (N. tropicalis and N. schauinslandi) offers a valuable 
opportunity to piece together an understanding of the historical and contemporary genetic 
influences on population viability, and the implications for conservation and 
management.  To this end, the goal of this dissertation is to develop new tools for 
improved molecular resolution when using evolutionary and population genetic 
approaches, and to use them to resolve outstanding uncertainties regarding evolutionary 
patterns and processes associated with species origination and extinction and population 
gene flow for Genus Neomonachus.   
 In Chapter 2, the mitochondrial genome sequence for N. schauinslandi is 
characterized and used to expand historical perspectives on relationships within tribe 
Monachini, and among tribes Monachini, Miroungini, and Lobodontini.  It also lends 
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perspective on long-standing debates surrounding more distant relatives in the subfamily 
Phocina.   
 Chapter 3 reports on the estimation, using new nuclear microsatellite tools, of the 
genetic diversity of N. schauinslandi among 24 newly-identified polymorphic loci of 
1,192 individuals, thereby doubling the amount of known genetic regions upon which to 
base conservation genetic investigations. 
 In Chapter 4, the conservation genetic status of N. schauinslandi is assessed by 
integrating genotypes for the newly-described 24 loci with 18 previously described loci, 
with the findings interpreted with regard to the use of translocation as a management tool 
to mitigate mortality. 
 Chapter 5 concludes by synthesizing research outcomes and further considering 
their relevance to conservation and management.  Related and emerging research 
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 Pinnipeds are marine carnivores comprised of the families Phocidae, Otariidae, 
and Odobenidae.  The Phocidae include northern “true seals”, which are grouped in the 
subfamily Phocinae, and southern “true” seals, grouped in the subfamily Monachinae.  
Despite extensive interest in the evolutionary relationships and biogeography of 
pinnipeds, the phylogenetic placement of the Monachinae has been contentious, as 
paleontological, neozoological, and incomplete molecular data have given rise to several 
hypotheses of origin and divergence.  Molecular studies of pinnipeds have lacked an 
especially important puzzle piece in the Monachinae lineage: the mitochondrial genome 
sequence of the Caribbean monk seal (Neomonachus tropicalis), which was driven to 
extinction by unsustainable human consumption.   
 To fill this gap, ancient DNA (aDNA) was extracted from a museum specimen 
and used to sequence a complete mitochondrial genome (16,726 bp) for Neomonachus 
tropicalis using the Illumina HiSeq 2500 platform.  Typical metazoan genome features 
were observed: 13 protein-coding genes, 22 tRNA, and two rRNA sequences, as well as 
12 intergenic spaces including the control region.  The nucleotide composition reflected 
an A+T bias (60.4%), which was within the range observed in other pinniped species.   
 The resulting information was used in a concatenated sequence alignment 
consisting of 21 species to resolve phylogenetic uncertainties for pinnipeds, particularly 
seals in the subfamily Monachinae.  Neighbor-joining, maximum likelihood, and 
Bayesian inference methods yielded identical topologies.  Within the Monachini, a basal 
placement of Monachus monachus relative to Neomonachus schauinslandi and 
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Neomonachus tropicalis was confirmed.  A branching order (Monachini, (Miroungini, 
Lobodontini)) was also strongly supported. 
 By generating the first complete mitochondrial genome for an extinct pinniped, 
this study clarifies long-standing uncertainties in pinniped systematics.  Molecular data 
will likely be valuable for further consideration of biogeographic factors associated with 
the split between cold- and warm-water species among the Monachinae, as well as for 
investigation into the non-random extinction of closely related species that have been 
subjected to anthropogenic selection pressures. 
Keywords:  carnivore, pinniped, Neomonachus tropicalis, extinct, ancient DNA, 





 The Caribbean monk seal (Neomonachus tropicalis, Figure 1) was once widely 
distributed along the coasts of the Caribbean Sea, reaching as far east as Guyana and the 
Lesser Antilles (Adam, 2004; Adam and Garcia, 2003; McClenachan and Cooper, 2008; 
Timm et al., 1997).  Population estimates based on a synthesis of historical accounts 
indicate that between 233,000 and 338,000 seals were once distributed among at least 13 
breeding colonies throughout the West Indies (McClenachan and Cooper, 2008).  Fossil 
and historical sighting records suggest that their range was bound by the southeastern 
United States to the north, and Venezuela to the south (Adam and Garcia, 2003).  
 Early European explorers including Christopher Columbus and Juan Ponce de 
Leon recorded the first reports of seal harvests (McClenachan and Cooper, 2008). Settlers 
of the region harvested seals for food and oil in the following centuries, until the mid-
1880s, when there were no longer sufficient numbers to support industry demands 
(McClenachan and Cooper, 2008).  In the early to mid-twentieth century, individual seals 
from remaining colonies were collected for museums and small-scale consumption.  The 
last known wild individual Caribbean monk seal was observed in 1952, and, in 2008, the 
species was officially declared extinct.   
 Today, the two extant sister species, the Hawaiian (Neomonachus schauinslandi) 
and Mediterranean (Monachus monachus) monk seals, are threatened with extinction due 
to anthropogenic impacts (International Union for the Conservation of Nature, 2016).  
These three monk seal species comprise the tribe Monachini, which, along with tribes 
Miroungini (elephant seals) and Lobodontini (Antarctic seals), constitute the subfamily 
Monachinae (southern “true” seals).  This subfamily has been of particular research 
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interest, as the Monachini are a unique lineage of anti-frigid phocids, while the 
Miroungini and Lobodontini are cold-water species.  The Monachini are adapted to the 
relatively warm sub-tropical and tropical regions of the Pacific Ocean as well as the 
eastern and western Atlantic Ocean and the Mediterranean and Caribbean seas; the 
Miroungini are distributed in the cooler Pacific waters along the coasts of California and 
the Mexican peninsula of Baja California; while the Lobodontini are adapted to the 
extreme conditions of the frigid Antarctic waters (Figure 2).  
 Despite extensive consideration of pinniped systematics in prior phylogenetic and 
biogeographic studies, the phylogenetic characterization of the Monachinae has remained 
elusive, as several lines of evidence, including paleontological, neozoological, and 
molecular data, have given rise to equivocal hypotheses of Monachinae origin and 
divergence (Arnason et al., 2006, 1995; Bininda-Emonds and Russell, 1996; Davis et al., 
2004; Fulton and Strobeck, 2010; Fyler et al., 2005; Higdon et al., 2007; Repenning and 
Ray, 1977; Scheel et al., 2014; Wyss, 1988a, 1988b). The relevant datasets are not all 
complete. Those based on morphological characters have been at an advantage due to the 
broad taxonomic coverage of pinniped fossils, skeletons, and pelts housed in natural 
history and research institutions.  Those based on molecular characters are incomplete 
due to the extinction of Neomonachus tropicalis and the associated challenge and 
expense of assembling a mitochondrial genome regions from historical specimens.  
 Among the various hypotheses posed over the years, the one most commonly 
suggested by studies based on morphological and molecular characteristics of extant 
species is that Monachus monachus is sister to Neomonachus schauinslandi and 
Neomonachus tropicalis, and that the tribe Monachini is sister to the tribes Miroungini 
 
 19 
and Lobodontini (Arnason et al., 2006; Bininda-Emonds and Russell, 1996; Fulton and 
Strobeck, 2010; Fyler et al., 2005).  These relationships were revisited most recently in a 
study that combined skull morphology with a single mitochondrial gene (cytb) from a 
museum specimen of Neomonachus tropicalis (Scheel et al., 2014).   
 Yet, seeking confirmation with a greater number of mitochondrial genes is still 
warranted, due to two important factors.  First, a high intraspecific variability in cranial 
anatomy is a common characteristic of pinnipeds (Miller et al., 2007); therefore, 
conclusions based on skull characteristics should be considered with caution (Bininda-
Emonds et al., 1999; Davies, 1958).  Second, despite observations showing that 
phylogenetic analysis of even a single genetic region can be informative (Huelsenbeck et 
al., 1996), the importance of using more than one molecular marker to ensure phylogenic 
resolution and precision has been well-documented (Cummings et al., 1995; Duchêne et 
al., 2011; Zardoya and Meyer, 1996).  Indeed, further clarification of the phylogenetic 
placement of the warm-water Monachini relative to the cold-water Lobodontini and 
Miroungini was not possible in analyses that incorporated a single mitochondrial gene 
from Neomonachus tropicalis (Scheel et al., 2014). 
 To resolve these uncertainties and expand molecular resolution for future 
applications, the aims of this study were (1) to sequence and annotate a complete 
mitochondrial genome for Neomonachus tropicalis, in order (2) to confirm the placement 
of the Caribbean monk seal relative to the Hawaiian (Neomonachus schauinslandi) and 
Mediterranean (Monachus monachus) monk seals, and (3) to resolve the branching order 




Materials and Methods 
Tissue sampling and aDNA extraction 
 Tissue samples were obtained from a Neomonachus tropicalis specimen (ID 
14441, Figure 3) collected in 1897 and housed in the collections of the American 
Museum of Natural History (AMNH).  Sterile blades and forceps were used to collect 
perioral, periorbital, and nostril tissue samples, which were processed in the AMNH 
ancient DNA (aDNA) laboratory using strict protocols to prevent contamination 
(Willerslev and Cooper, 2005).  Total genomic DNA was isolated from the tissue 
samples using Qiagen DNEasy tissue single-column extraction protocols (Qiagen, 
Valencia, CA), with modifications to the manufacturer’s instructions (see supplementary 
information).  The purified genomic aDNA was quantified with a NanoDrop® ND-1000 
spectrometer (Thermo Scientific, Wilmington, DE, USA) and sent to the Johns Hopkins 
Genetic Resources Core Facility for library preparation and sequencing on the Illumina 
HiSeq2500 platform (Illumina, San Diego, CA). 
Mitochondrial genome sequencing and assembly 
 A PCR-free genomic library was created using 50 ng of genomic aDNA.  An 
initial size profiling revealed that the samples were fragmented at 100-300 bp in size; 
thus, no shearing or initial bead-based cleanup was performed.  DNA degradation was 
mitigated by using a KAPA Hyper Prep Kit (Kapa Biosystems, Woburn, MA), 
combining the end-repair and A-tailing methods, and performing indexed adapter ligation 
using standard Illumina indexed adapters and a post-ligation, bead-based cleanup, and 
size selection to produce a 300 bp insert library.  The libraries were paired-end sequenced 
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with a read length of up to 100 bp, using TruSeq Rapid V2 SBS chemistry (Illumina, San 
Diego, CA). 
 To reconstruct the mitogenome of Neomonachus tropicalis, the raw paired-end 
reads were assembled with MITObim v1.6 (with the optional “-quick” parameter; Hahn 
et al., 2013), using the mitochondrial sequence of Neomonachus schauinslandi (GenBank 
Accession # AM181022.1) as the seed reference.  The large size of the initial dataset 
required using reads that were down-sampled to 5% of the total, from which sequences 
converged after approximately 10 iterations. 
Mitochondrial genome annotation and sequence analysis 
 The mitochondrial genome of Neomonachus tropicalis was characterized using 
GENEIOUS version 8.1.8 (Biomatters, Ltd., Auckland, NZ) (Kearse et al., 2012)), using 
the mitochondrial genome of Neomonachus schauinslandi as a reference.  The putative 
genome arrangement was further validated using automated de novo annotation analyses 
available through the MITOS web server (Bernt et al., 2013).  Putative tRNAs were 
validated a third time using the automated tRNAscan-SE server (Lowe and Eddy, 1997), 
which was also used to generate maps of secondary tRNA structure.  A circular map of 
the full mitochondrial genome was generated by using GENEIOUS version 8.1.8.  
Phylogenetic analysis 
 Fourteen concatenated mitochondrial regions (COI-III, Cytb, NAD1-5, NAD4l, 
ATPase6 and ATPase8, 12S, and the control region) of 21 species were used to infer the 
phylogenetic position of Neomonachus tropicalis.  The in-group included 18 species with 
complete mitogenomes, one species (Monachus monachus) with partial mitochondrial 
sequences, and Neomonachus tropicalis, with the novel mitogenome sequence reported 
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here (Tables 1-2). The mitogenome of the polar bear (Ursus maritimus) was constrained 
as an outgroup.    
 Mitochondrial sequences were downloaded from the NCBI GenBank database 
and aligned using MAFFT version 7.017 (Katoh et al., 2002) under default settings for 
fast Fourier transformation with iterative refinement (FFT-NSi x 1,000) methods.  
Several adjustments were made by sight using GENEIOUS version 8.1.8.  First, the light-
strand-encoded NAD6 gene was removed from all sequences due to the potentially 
confounding effects of its distinctive nucleotide and amino acid composition (Arnason et 
al., 2006, 2002).  Second, to eliminate gaps, and ensure correspondence with the 
maximum coverage available in the partial sequence of Monachus monachus, the aligned 
sequences were further trimmed to 13,073 bp.  The aligned sequence data were then 
analyzed using four models (Akaike information criterion (AIC), AIC corrected for finite 
sample size (AICc), Bayesian information criterion (BIC), and decision-theoretic 
performance-based (DT)), using JMODELTEST version 2.1.7 (Darriba et al., 2012; 
Posada, 2008) to determine the best-suited evolutionary model for phylogenetic analyses.   
 Three consensus-tree methods were used to infer phylogenetic relationships.  
Distance-based neighbor-joining (NJ) analyses were performed as implemented in 
GENEIOUS version 8.1.8 using the HKY genetic distance model (Hasegawa et al., 1985) 
and a bootstrap resampling method with 100,000 replicates.  Character-based analyses 
were performed using maximum likelihood (ML) and Bayesian inference (BI) methods 
according to the GTR +Γ+ I nucleotide substitution model (Chai and Housworth, 2011; 
Rogers, 2001) identified during JMODELTEST analysis.  ML analyses were performed 
using RAXML (Stamatakis, 2006), with four substitution rate categories and 1,000 
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bootstraps.  BI analyses were performed using MRBAYES (Huelsenbeck and Ronquist, 
2001; Ronquist and Huelsenbeck, 2003), which calculated 1,100,000 iterations after a 
100,000 burn-in period, and subsampled a tree every 200 iterations. 
Results and Discussion 
Mitochondrial genome sequencing and assembly  
 A complete mitochondrial genome of Neomonachus tropicalis was assembled 
from 291M total paired-end reads. A total of 145M read pairs were obtained, 150,000 of 
which aligned to the Neomonachus schauinslandi mitogenome (Arnason et al., 2006) for 
a mean depth of coverage of 796x.  The mitochondrial sequences of the Neomonachus 
tropicalis and Neomonachus schauinslandi are 92.2% identical, similar to other 
interspecific comparisons in phocids (e.g., 94.5% for Leptonychotes weddellii and 
Hydrurga leptonyx; 92.4% for Histriophoca fasciata and Pagophilus groenlandicus, per 
this study).  
Genome organization and nucleotide composition  
 The complete mitochondrial genome of Neomonachus tropicalis (Genbank 
accession, TBD) is a closed-circular molecule comprised of 16,726 bp (Figure 4).  This 
size is comparable to those of at least 18 other pinniped mitogenome sequences, which 
range from 16,551 to 16,970 bp (for Pagophilus groenlandicus and Mirounga leonia, 
respectively). Consensus among the three annotation methods used was achieved in all 
cases except that of a single tRNA gene that escaped detection by MITOS.  As is 
commonly observed in other metazoan mitogenomes, the mitogenome of Neomonachus 
tropicalis contains 37 genes, including 13 protein-coding regions, two ribosomal RNA 
subunits, and 22 transfer RNA (tRNA) genes, as well as a non-coding control region 
(Table 2).  The heavy strand (H-strand) includes 12 protein-coding genes (COI-III, Cyt-b, 
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NAD1-5, NAD4l, ATPase6, and ATPase8), two rRNA, and 14 tRNA genes.  The light 
strand (L-strand) includes one protein coding (NAD6) and eight tRNA genes.  
 The overall A+T content was 60.4% (A = 33.8%, T = 26.6%).  The bias toward 
adenine and thymine was within the range observed in other pinniped species (from 
58.1% in Phoca largha and Pusa sibirica to 60.8% in Mirounga leonina).  The overall 
A+T content was 58.3% for all rRNA genes and 61.1% for all protein-coding genes, was 
lowest in the control region (55.6%), and was highest for tRNA genes (63.2%).  
Additional summary statistics for the nucleotide composition of each individual region 
are provided in Table 3. 
Protein-coding genes 
 A total of 13 protein-coding genes (COI-III, Cyt-b, NAD1-6, NAD4l, ATPase6, 
and ATPase8) were detected in the mitogenome of Neomonachus tropicalis (Tables 2 and 
3). The longest reading frame overlaps occurred between genes ATPase6 and ATPase8 
(43 bp), and between genes NAD5 and NAD6 (17 bp).  Codon usage was estimated at 
5,575 codons; lysine (AAA) occurs most frequently (72.0%), and serine (TCG) occurs 
least frequently (8.2%).  The overall nucleotide composition of all protein-coding genes 
was 33.7% for A, 27.3% for C, 11.6% for G, and 27.5% for T. 
tRNA and rRNA genes 
 A total of 22 transfer RNA genes (two encoding leucine, two encoding serine, and 
one for each of the 18 other amino acids) were identified in the mitogenome of 
Neomonachus tropicalis (Table 4).  They were found to range in size from 47 bp to 75 bp 
and total 1,493 bp.  The aminoacyl stem of all putative tRNA secondary structures was 7 
bp long.  Anticodon loops were comprised of 7 bp in all tRNAs except tRNA-Leu(UUR) 
 
 25 
and tRNA-Gln, which possessed loops that were 9 bp long.  Most tRNAs exhibited a 
typical cloverleaf folding structure, with four exceptions (Figure 5).  First, in tRNA 
(Ser(AGY)), there were five unpaired nucleotides, whereas a DHU arm might otherwise 
be expected in other tRNAs.  This variation is commonly observed in other animal 
mitochondria (Watanabe et al., 2014; Wolstenholme, 1992).  Second, despite the 
tRNA(Lys) having the typical four-paired nucleotide pattern in their DHU arm, the arm 
lacked a nucleotide loop at the end. Reduction in the DHU arm is a common variation in 
placentals (Janke et al., 1994).  Finally, in both tRNA(Met) and tRNA(Thr), the TYC arm 
was comprised of four paired nucleotides in a loop configuration rather than the expected 
ladder configuration.  These variations may be non-canonical, perhaps due to RNA 
editing (Börner et al., 1997), or may be errors due to sequencing artifact. The overall 
nucleotide composition of tRNA genes was 35.4% for A, 27.3% for C, 15.4% for G, and 
27.8% for T.   
 Separated by a tRNA-Val gene, the 12S and 16S rRNA genes were 962 bp and 
1,575 bp long, respectively.  Their overall nucleotide composition was 31.2% for A, 
26.8% for C, 14.9% for G, and 27.2% for T. 
Non-coding regions 
 The compact organization of the Neomonachus tropicalis mitogenome includes a 
total of 12 intergenic non-coding regions.  The largest non-coding region, totaling 1,287 
bp, occurred between the tRNA(Pro) and tRNA(Phe) genes, and was identified as the 
control region / D-loop.  The hypervariable “Region II” consists of repeated elements of 
approximately 450 bp that may be prone to artifacts, due to the difficulty of using short 
read sequencing methods and ancient DNA.  The nucleotide composition of the control 
 
 26 
region was 28.7% for A, 26.2% for C, 18.3% for G, and 26.9% for T.  The other 11 
intergenic spaces, ranging in size between one and 36 basepairs, and totaling 84 
basepairs, were distributed throughout the mitogenome.  The largest intergenic space (36 
bp) occurred between NAD4 and tRNA(His).  
Phylogenetic analysis 
 The concatenated nucleotide sequences for 20 ingroup species representing 
Phocidae, Otariidae, and Odobenidae, and a single outgroup species representing Ursidae 
were analyzed using neighbor-joining (NJ), maximum likelihood (ML), and Bayesian 
inference (BI) methods.  Of 88 models tested using JMODELTEST, the GTR +Γ+ I 
nucleotide substitution model was the most highly ranked by all four (AIC, AICc, BIC, 
DT) ranking parameters (-lnL = 83888.33; gamma distribution shape = 1.4360; 
transition/transversion (titv) ratio = 12.52), and was thus implemented in the ML and BI 
analyses. 
 The NJ, ML, and BI phylogenetic methods yielded identical topologies (Figure 6) 
that corroborate previous hypotheses for the monk seals (Arnason et al., 2006; Davies, 
1958; Fulton and Strobeck, 2010; Fyler et al., 2005; Scheel et al., 2014).  The split 
between Neomonachus tropicalis and Neomonachus schauinslandi was supported by 
100% bootstrap consensus and 100% posterior probability.  The position of Monachus 
monachus as the earliest branching lineage within tribe Monachini was also well 
supported (86.55% and 99% bootstrap support, 100% posterior probability).  
 Furthermore, the basal divergence of tribe Monachini from tribes Miroungini and 
Lobodontini received maximum support (100% bootstrap support and posterior 
probability), and the split between Miroungini and Lobodontini was strongly supported 
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(99.92% and 100% bootstrap support, 100% posterior probability). This reinforces the 
findings of Fulton and Strobeck (2010), and clarifies the uncertainty that could not be 
resolved by Scheel et al. (2014), by using a single mitochondrial marker.  
 Finally, it is worth noting that within the subfamily Phocina, a paraphyletic 
(Phoca (Haliochoerus, Pusa)) arrangement corroborates the previous findings of Davis et 
al. (2004) and Delisle and Strobeck (2005), and of an alternate scenario reported by 
Fulton and Strobeck (2010).   However, strong support for the relationship between 
Haliochoerus and Pusa is still lacking (71.21% and 71% bootstrap support, 100% 
posterior probability).  As discussed in previous studies (see Fulton and Stroebeck, 2010; 
Higdon et al., 2007), this finding again calls into question the definitions of genera within 
the subfamily Phocina, and so warrants additional attention.  
Conclusion 
 This study is the first to use ancient DNA to characterize a complete 
mitochondrial genome sequence for the extinct Caribbean monk seal (Neomonachus 
tropicalis).  The mitogenome’s size and organization are highly similar to other pinniped 
species, and are typical for vertebrates in general.  This study is also the first to 
incorporate an extinct species into a phylogenetic assessment for pinnipeds at the 
mitogenome scale, which resulted in strongly reinforcing previously hypothesized 
relationships within tribe Monachini. 
 The additional resolution generated by the Neomonachus tropicalis genome 
resulted in improved capacity for phylogenetic inference and generated strong support for 
the basal placement of Monachini relative to Miroungini and Lobodontini.  The need for 
further resolution of relationships within subfamily Phocina was also highlighted.  These 
results are likely to be valuable for future total-evidence-based studies seeking to 
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integrate fossil, molecular, and contemporary-morphological data for further 
understanding of origin and divergence among pinniped species.    
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Figure 2-1.  N. tropicalis illustration 
 
Illustration of N. tropicalis male, female, and pup published in the Bulletin of the 














































Figure 2-2.  Geographical distribution of tribes Monachini, Miroungini, and Lobodontini.  
 
Monachini ranges are highlighted in red from left to right: N. schauinslandi, N. tropicalis, 


















































Figure 2-3. N. tropicalis pelt  
 















































Figure 2-4.  Mitochondrial genome sequence map of N. tropicalis.   
 
Protein-coding regions are indicated in purple, rRNA regions in red, tRNA regions in 



























Figure 2-5.  Inferred secondary cloverleaf structures for the 22 tRNA genes of N. 
tropicalis   
 
Below each tRNA gene structure is the abbreviation for its corresponding amino acid.  
Starting at the top, and following in a clockwise manner around the centrally-located 
variable loop, each tRNA is characterized by its amino acid acceptor arm, TYC arm,  











Figure 2-6.  Cladogram based on results from neighbor-joining (NJ), maximum 
likelihood (ML), and Bayesian inference (BI) phylogenetic analyses of 20 pinniped 
species (ingroup) and one ursid species (outgroup).   
 
Analyses were based on concatenated sequence data (13,073 bp from 12 protein-coding 
genes, the 12S rRNA gene, one tRNA gene, and the control region). The three methods 
generated identical topologies.  Support values are shown as: NJ bootstrap values / ML 
bootstrap values / BI posterior probabilities.  Monachus monachus is strongly supported 
as sister to Neomonachus spp.  The (Monachini (Miroungini, Lobodontini)) branching 














Table 2-1.  Mitochondrial genome GenBank accession information for species examined 
in phylogenetic analyses.  Family names are underlined.  ** Indicates incomplete 
mitogenome sequence for Monachus monachus assembled from 14 individual gene 
sequences available on GenBank.  § Indicates outgroup used to root phylogenetic trees. 
 




Phocidae    
Neomonachus tropicalis Caribbean monk seal TBD This study 
Monachus monachus Mediterranean monk ** ** 
Neomonachus schauinslandi Hawaiian monk seal AM181022 Arnason et al. (2006) 
Mirounga leonine Southern elephant seal AM181023 Arnason et al. (2006) 
Lobodon carcinophagus Crab-eater seal AM181024 Arnason et al. (2006) 
Hydrurga leptonyx Leopard seal AM181026 Arnason et al. (2006) 
Leptonychotes weddellii Weddell seal AM181025 Arnason et al. (2006) 
Halichoerus grypus Grey seal NC001602 Arnason et al. (1993) 
Phoca sibirica Baikal seal NC008432 Arnason et al. (2006) 
Phoca hispida Ringed seal AM181036 Arnason et al. (2006) 
Phoca largha Spotted seal KT818831 Bahn et al. (2009) 
Phoca vitulina Harbor seal AM181032 Arnason et al. (2006) 
Histriophoca fasciata Ribbon seal AM181029 Arnason et al. (2006) 
Pagophilus groelandicus Harp seal NC008429 Arnason et al. (2006) 
Cystophora cristata Hooded seal AM181028 Arnason et al. (2006) 
Erignathus barbatus Bearded seal AM181027 Arnason et al. (2006) 
Eumetopias jubatus Steller sea lion AJ428578 Arnason et al. (2006) 
Odobenidae    
Odobenus rosmarus Walrus NC004029 Arnason et al. (2002) 
Otariiadae    
Callorhinus ursinus Northern fur seal AM181016 Arnason et al. (2006) 
Zalophus californianus Californian sea lion AM181017 Arnason et al. (2006) 
Ursidae§    






** Mitochondrial sequences used to assemble a partial mitogenome for M. monachus. 
GenBank Accession # Gene Source 
KT935309 Control region Karamandlidis et al. (2016) 
GU174602 12S rRNA Fulton et al. (2010) 
AY377142 COX1   Davis et al. (2004) 
AY377165 COX2   Davis et al. (2004) 
AY377257 COX3   Davis et al. (2004) 
AY377327 Cytb   Davis et al. (2004) 
AY377355 ND1   Davis et al. (2004) 
AY377275 ND2   Davis et al. (2004) 
AY377211 ND3   Davis et al. (2004) 
AY377337 ND4   Davis et al. (2004) 
AY377234 ND4L   Davis et al. (2004) 
AY377373 ND5   Davis et al. (2004) 
AY377188 ATP8   Davis et al. (2004) 





Table 2-2.  Characteristics of genes and other elements in the mitochondrial genome of N. 
tropicalis.  H/L indicate encoding by the heavy or light strand.   
 
Genes/ Elements Strand 
(H/L) 
Position Size (bp) 
From To 
tRNA-Phe H 1 71 71 
12S rRNA H 72 1,033 962 
tRNA-Val H 1,034 1,100 67 
16S rRNA H 1,101 2,675 1,575 
tRNA-Leu(UUR) H 2,676 2,750 75 
NADH1  H 2,753 3,709 957 
tRNA-Ile H 3,710 3,777 68 
tRNA-Gln L 3,775 3,847 73 
tRNA-Met H 3,849 3,917 69 
NADH2  H 3,918 4,961 1,044 
tRNA-Trp H 4,960 5,026 67 
tRNA-Ala L 5,037 5,105 69 
tRNA-Asn L 5,107 5,179 73 
Origin of rep - 5,180 5,215 36 
tRNA-Cys L 5,212 5,279 68 
tRNA-Tyr L 5,280 5,347 68 
COI  H 5,349 6,893 1,545 
tRNA-Ser(UCN) L 6,891 6,959 69 
tRNA-Asp H 6,986 7,032 47 
COII  H 7,033 7,716 684 
tRNA-Lys H 7,718 7,786 69 
ATPase 8  H 7,788 7,991 204 
ATPase 6  H 7,949 8,629 681 
COIII  H 8,629 9411 783 
tRNA-Gly H 9,413 9,480 68 
NADH3  H 9,481 9827 347 
 
 43 
tRNA-Arg H 9,828 9,896 69 
NADH4L  H 9,897 10,193 297 
NADH4  H 10,187 11528 1342 
tRNA-His H 11,565 11,633 69 
tRNA-Ser(AGY) H 11,634 11,692 59 
tRNA-Leu(CUN) H 11,693 11,762 70 
NADH5  H 11,763 13,580 1,818 
NADH6  L 13,564 14,091 528 
tRNA-Glu L 14,092 14,160 69 
cytb  H 14,165 15,304 1,140 
tRNA-Thr H 15,305 15,374 70 
tRNA-Pro L 15,374 15,439 66 






Table 2-3.  Base composition of mitochondrial genome regions for N. tropicalis. 
 
Region 
Base Composition (%) G + C 
content 
(%) 
A + T 
content 
(%) A C G T 
Protein-coding genes       
NADH1  32.3 29.2 11.4 27.2 40.5 59.5 
NADH2  37.5 28.4 9.0 25.1 37.5 62.5 
COI  28.2 24.1 17.0 30.7 41.1 58.9 
COII  34.4 24.6 13.9 27.2 38.5 61.5 
ATPase 8  40.2 24.0 7.4 28.4 31.4 68.6 
ATPase 6  31.0 27.5 10.3 31.3 37.7 62.3 
COIII  28.7 28.6 14.6 28.1 43.2 56.8 
NADH3  30.8 29.1 12.1 28.0 41.2 58.8 
NADH4L  31.0 25.3 12.1 31.6 37.4 62.6 
NADH4  33.7 28.3 10.7 27.3 39.0 61.0 
NADH5  34.3 27.8 10.1 27.7 38.0 62.0 
NADH6  43.2 29.0 9.3 18.6 38.3 61.7 
cytb  32.3 29.6 12.4 25.7 42.0 58.0 
tRNA genes       
tRNA-Phe 43.7 18.3 16.9 21.1 35.2 64.8 
tRNA-Val 35.8 23.9 16.4 23.9 40.3 59.7 
tRNA-Leu(UUR) 29.3 25.3 18.7 26.7 44.0 56.0 
tRNA-Ile 41.2 10.3 14.7 33.8 25.0 75.0 
tRNA-Gln 41.1 24.7 9.6 24.7 34.2 65.8 
tRNA-Met 29.0 27.5 17.4 26.1 44.9 55.1 
tRNA-Trp 37.3 17.9 17.9 26.9 35.8 64.2 
tRNA-Ala 36.2 24.6 11.6 27.5 36.2 63.8 
tRNA-Asn 30.1 28.8 15.1 26.0 43.8 56.2 
tRNA-Cys 25.0 22.1 23.5 29.4 45.6 54.4 
tRNA-Tyr 29.4 20.6 16.2 33.8 36.8 63.2 
 
 45 
tRNA-Ser(UCN) 33.3 24.6 15.9 26.1 40.6 59.4 
tRNA-Asp 34.0 21.3 12.8 31.9 34.0 66.0 
tRNA-Lys 39.1 14.5 13.0 33.3 27.5 72.5 
tRNA-Gly 27.9 25.0 19.1 27.9 44.1 55.9 
tRNA-Arg 39.1 15.9 10.1 34.8 26.1 73.9 
tRNA-His 42.0 13.0 11.6 33.3 24.6 75.4 
tRNA-Ser(AGY) 37.3 20.3 16.9 25.4 37.3 62.7 
tRNA-Leu(CUN) 42.9 14.3 17.1 25.7 31.4 68.6 
tRNA-Glu 36.2 23.2 15.9 24.6 39.1 60.9 
tRNA-Thr 31.4 22.9 17.1 28.6 40.0 60.0 
tRNA-Pro 37.9 30.3 12.1 19.7 42.4 57.6 
rRNA genes       
12S rRNA 37.4 23.0 16.9 22.7 39.9 60.1 
16S rRNA 39.4 21.8 16.6 22.2 38.5 61.5 
Non-coding       
Control region 28.7 26.2 18.3 26.9 44.4 55.6 
   Average of protein-coding genes 33.7 27.3 11.6 27.5 38.9 61.1 
   Average of tRNA genes 35.4 21.3 15.4 27.8 36.8 63.2 
   Average of rRNA genes 31.2 26.8 14.9 27.2 41.7 58.3 





Table 2-4.  Codon composition based on an average of 5,575 codons in 13 protein-coding 




Codon Number Freq (%)  Amino 
Acid 
Codon Number Freq (%) 
Ala GCA 49 31.2  Leu CTA 152 26.9 
 GCC 44 28.0   CTC 95 16.8 
 GCG 18 11.5   CTG 51 9.0 
 GCT 46 29.3   CTT 86 15.2 
Arg CGA 40 29.6   TTA 134 23.7 
 CGC 24 17.8   TTG 48 8.5 
 CGG 25 18.5  Met ATA 141 65.9 
 CGT 46 34.1   ATG 73 34.1 
Asn AAC 157 47.0  Phe TTC 82 48.8 
 AAT 177 53.0   TTT 86 51.2 
Asp GAC 51 43.2  Pro CCA 109 26.4 
 GAT 67 56.8   CCC 120 29.1 
Cys TGC 52 63.4   CCG 47 11.4 
 TGT 30 36.6   CCT 137 33.2 
Gln CAA 175 68.4  Ser AGC 114 19.9 
 CAG 81 31.6   AGT 50 8.7 
Glu GAA 82 58.2   TCA 118 20.6 
 GAG 59 41.8   TCC 98 17.1 
Gly GGA 42 37.5   TCG 47 8.2 
 GGC 27 24.1   TCT 147 25.6 
 GGG 22 19.6  Thr ACA 127 26.5 
 GGT 21 18.8   ACC 130 27.1 
His CAC 135 43.4   ACG 60 12.5 
 CAT 176 56.6   ACT 162 33.8 
Ile ATC 120 50.6  Trp TGA 60 60.0 
 
 47 
 ATT 117 49.4   TGG 40 40.0 
Lys AAA 195 72.0  Tyr TAC 131 42.7 
 AAG 76 28.0   TAT 176 57.3 
Stop AGA 72 16.1  Val GTA 68 44.4 
 AGG 69 15.4   GTC 31 20.3 
 TAA 201 45.0   GTG 23 15.0 


















Ancient DNA extraction methods 
 Total genomic DNA was isolated from the tissue samples using Qiagen DNEasy 
tissue single-column extraction protocols (Qiagen, Valencia, CA), and with the following 
modifications to the manufacturer’s instructions: 
 Prior to extraction, 20 mg of tissue was soaked in 400 uL of phosphate buffer 
solution for seven days, then transferred to a 1.5 mL microcentrifuge tube.  After adding 
20 uL of Proteinase K, 1 uL 1molar DTT (dithiothreitol), and 180 uL of Buffer ATL, the 
tube was gently mixed by repeatedly inverting it for 30 seconds.  The mixture was then 
incubated overnight at 56 °C.  Incubation was repeated the following day after adding an 
additional 10 uL of Proteinase K to ensure complete lysing of the tissue.  Following 
incubation, samples were again gently mixed for 30 seconds before and after adding 200 
uL of Buffer AL.  This mixture was placed for 15 minutes on a heat block set to 65°C, 
then gently inverted for 30 seconds before 200 uL of pre-chilled ethanol (100%) was 
lightly mixed in using a pipette plunger.  The mixture was refrigerated for one hour at  
-4 °C.  The entire volume (620 uL) was pipetted into a spin column, placed in a collection 
tube, and processed with Buffers AW1, AW2, and AE, using standard Qiagen protocols.  
However, the Buffer AE was pre-warmed on a heat block prior to being added, and the 
mixture was incubated at room temperature for 40 minutes before being centrifuged.  The 
spin column was then reused for a second addition of Buffer AE.  The eluted solution 
was mixed using the pipette plunger and divided between two new tubes, each containing 
75 uL of purified genomic DNA, which was stored at -20 °C in the aDNA lab of the 




CHAPTER 3. A NOVEL MICROSATELLITE MULTIPLEX ASSAY FOR  
THE ENDANGERED HAWAIIAN MONK SEAL 
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Abstract   
 The Hawaiian monk seal (Neomonachus schauinslandi) is endemic to the 
Hawaiian archipelago and is among the world’s most endangered marine mammal 
species.  Prior studies used mitochondrial and microsatellite markers to investigate broad 
scale conservation questions about genetic diversity and population differentiation.  As 
Hawaiian monk seal population numbers continue to decline, outstanding fine-scale 
genetic questions require enhanced genotyping capacity of a rich archive of specimens. 
Here we integrate 24 novel polymorphic microsatellite markers into three multiplex 
polymerase chain reactions (PCRs) and provide summary statistics.  The mean number of 
alleles was 2.625; mean expected and observed heterozygosities were 0.359 and 0.349, 
respectively; and mean polymorphic information content was 0.027. This multiplex assay 
contributes additional analytical power to further investigate genetic questions related to 
population recovery of an iconic endangered species.   
 
Key Words   







 The endemic Hawaiian monk seal (HMS) is classified as endangered on the IUCN 
Red List (IUCN 2015) and under the U.S. Endangered Species Act (United States Code 
1976), and overall population numbers continue to decline (Littnan et al. 2015) despite 
myriad concerted conservation efforts.  Previous HMS genetic studies used genomic 
markers (Aldridge et al. 2006; Gemmell et al. 1997; Kretzmann et al. 1997, 2001; Schultz 
et al. 2009, 2010) to characterize a sobering lack of genetic diversity in the remaining 
population, which reinforced concerns over the impacts of small population size and 
potential inbreeding depression on population recovery.  The ability to further address 
these concerns with fine scale genetic analyses requires greater genotypic resolution than 
is currently available, thus necessitating additional microsatellite multiplex assay 
development, which, for the time being, remains the most cost-effective genetic tool for 
this study system.  
 For over three decades, the United States National Marine Fisheries Service’s 
Hawaiian Monk Seal Research Program (HMSRP) has systematically and 
opportunistically collected HMS tissues during seasonal field research expeditions and 
during treatment or necropsy of sick or stranded animals.  We randomly selected 15 
samples (from distinct individuals) from the HMSRP tissue collection to design 30 new 
polymorphic primer pairs (see protocols in Supplementary Materials) for microsatellite 
genotyping in three multiplexes.  
 Though they performed well in singleplex methods, six of the 30 primer pairs 
were problematic (e.g., inconsistent amplification success rates) when included in various 
multiplex combinations during numerous optimization test runs and were thus excluded 
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from analyses.  Nonetheless, we list their accession numbers and basic descriptive 
information as they can still be of utility.  We combined the remaining 24 novel primers 
in three multiplex mixtures consisting of seven to ten primer sets to perform PCR 
amplifications.  
Methods and Results 
 We optimized PCR volumes and concentrations (Table 1) of individual primer 
sets (containing fluorescently labeled forward primers) within primer pre-mixes, to be 
combined in a 6L reaction comprised of 3L master mix (Qiagen Multiplex PCR Kit), 
1.4 L of deionized water, 0.60 L of primer mix, and 1 L of genomic DNA (10x 
concentration).   
 The PCR program for multiplexes one and two consisted of initial denaturation 
for 15 min at 95C, followed by 33 cycles of denaturation for 30 s at 94C, annealing for 
3 min at 56C, extension for 30 s at 72C, and final elongation for 30 min at 60C.  
Multiplex three required 38 cycles.  We ran amplified products on an ABI 3730 Genetic 
Analyzer (Applied Biosystems) with the GeneScan 500 LIZ (Applied Biosystems) 
internal size standard (20L Liz500: 980 L formamide) at the Sackler Institute for 
Comparative Genomics and at Molecular Cloning Laboratories. Using GENEMAPPER 
5.0 software (Applied Biosystems), we scored alleles for complete genotypes (i.e., at 24 
loci) of 1192 samples.  
 We used MICROCHECKER 2.2.3 (Van Oosterhout et al. 2004) to detect 
genotypic errors and allelic dropout, and EXCEL MICROSATELLITE TOOKIT 3.1 
(Park 2001) to estimate the allelic richness, observed heterozygosity (Ho), expected 
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heterozygosity (He), and polymorphism information content (PIC) of each locus (Table 
1).  
 Using GIMLET 1.3.3 (Valière 2002), we determined that a minimum of five loci 
are needed to estimate the unbiased probability that a genotype is shared by two 
individuals in a population (PID), and a minimum of nine loci are needed to estimate the 
probability that a genotype is shared by two siblings in a population (PID(sib), Fig. 1).   
 We used GenAlEx 6.5 (Peakall and Smouse 2006, 2012) to test for Hardy-
Weinberg equilibrium (HWE) using a chi-square test statistic and found evidence of 
heterozygote deficiency for six loci (Table 1).  We grouped genotypes according to their 
geographic origins, and confirmed that the genetic structure among individual loci was 
not contributing to these significant departures from HWE.   
 We used FSTAT 2.9.3.2 (Goudet 1995) to estimate the linkage disequilibrium 
(LD) between all pairs of loci and found mild evidence of LD (p<0.01) between four 
combinations of primer sets (Neosch4553 and Neosch10475; Neosch7472 and 
Neosch15522; Neosch9043 and Neosch15057; Neosch10475 and Neosch15057).  We 
also used FSTAT to estimate FIS (Weir and Cockerham 1984, Table 1). 
 We used ML-NULLFREQ (Kalinowski and Taper 2006), to estimate null allele 
frequencies based on maximum likelihood methods.  Null alleles occur at low frequency 
(0.002– 0.025) for 13 loci (Table 1) and at medium frequency for one locus 
(Neosch15522 = 0.206).   
 Our multiplex assay consisting of 24 novel polymorphic loci will augment the 
current capacity to batch process large tissue sample collections, and will enhance 
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analytical power to conduct fine-scale individual and population level genetic analyses 
for an iconic endangered species. 
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Figure 3-1.  Comparison of the cumulative probability of identity for unrelated 




















Table 3-1.  Summary information for microsatellite multiplex assay comprised of 24 polymorphic loci.  
Annealing temperature (Ta), forward primer fluorescent dye (Dye), reaction concentration (RC) in μM, number of samples genotyped (N), 
allelic richness (Ar), expected heterozygosity (He), observed heterozygosity (Ho), polymorphic information content (PIC), inbreeding 
coefficient (FIS) with statistically significant deviations from Hardy-Weinberg equilibrium denoted with * (P<0.050) and ** (P<0.001), 
and null allele frequency (FrNull). Six polymorphic loci were excluded from final analyses.  GenBank accession numbers appear in 
parentheses under each locus ID. 










N Ar He Ho PIC FIS FrNull 
Multiplex 1              
Neosch00871 F: TCACTCACACCAGGAGAAGG (GT)14 140-144 56 FAM 0.04 1192 3 0.178 0.174 0.162 0.024 0.008 
(KU220201) R: CCACGCTAGACATGGTCTTTG      0.04        
Neosch01807 F: CCACTTGGAAGCAAAAGTAAAGC (AC)17 95-99 56 FAM 0.03 1192 3 0.497 0.718 0.376 -0.445** 0.000 
(KU220202) R: TAGGAAAGCCTTCTCTGGGC     0.03        
Neosch03204 F: ACCAGGAGTAGTCCAAACAGG (AC)13 187-189 56 NED 0.03 1192 2 0.389 0.372 0.313 0.046 0.015 
(KU220204) R: CACCCGTGTTACAGAGGAAG     0.03        
Neosch08948 F: GTATGTTGTTGCAAACGGCAG (TG)15 123-127 56 NED 0.02 1192 3 0.102 0.094 0.097 0.077 0.021 
(KU220213) R: AGTGCCTGTTGTGATGGATG     0.02        
Neosch10588 F: GATACCAGTGGCCCAAACTC (CA)16 105-111 56 VIC 0.03 1192 3 0.261 0.258 0.227 0.011 0.004 
(KU220216) R: TCAAGCATTCAACCAAGTGC     0.03        
Neosch12980 F: CTGACACCTTCTCTACCGGC (AC)20 218-224 56 VIC 0.03 1192 4 0.422 0.419 0.348 0.006** 0.025 
(KU220219) R: CAGTGCCCACGCATGTTTC     0.03        
Neosch16869 F: GGGACAATTTCTCTCTCTCCC (CA)20 170 - 172 56 PET 0.03 1192 2 0.388 0.395 0.313 -0.019 0.000 
(KU220227) R: ATGTTCTTTAGTCTCACTTCACG     0.03        
Multiplex 2              
Neosch03980 F: GCTTTGGCTCTCATTCTCAGC (GT)15 94-100 56 VIC 0.03 1192 3 0.177 0.170 0.161 0.035 0.011 
(KU220205) R: AACATCACTGCCCACTCTCC     0.03        
Neosch04022 F: AGATGTGCATGATGTTACCCAAG (CCAT)11 141-145 56 FAM 0.04 1192 2 0.376 0.353 0.305 0.060* 0.019 
(KU220206) R: GTGCCACCAGTTAAAGAGGG     0.04        
Neosch04553 F: TGGGTTGACTACCATCGCTC (TG)21 170-172 56 PET 0.04 1192 2 0.470 0.467 0.360 0.007 0.002 
(KU220207) R: AGCAAGGGACGTAGTGACAG     0.04        
Neosch10909 F: GTGCGTGCTCTCTATTTTCCC (CA)16 113-117 56 NED 0.08 1192 2 0.284 0.289 0.243 -0.017 0.000 
(KU220217) R: TGTGCATTCCTGTAGCAGAG     0.08        
Neosch11181 F: ACTGGCTTTCCTCACTCCTG (AC)15 222-228 56 FAM 0.04 1192 2 0.378 0.387 0.307 -0.023 0.000 
(KU220218) R: CGTGAGAATCAACCCTCTGC     0.04        
Neosch14403 F: AGGAGGGATTCCAGCAAGAG (CA)12 297-301 56 FAM 0.04 1192 3 0.165 0.166 0.152 -0.010** 0.013 
(KU220220) R: ACAGCAATGGTGATGGGATG     0.04        
Neosch18265 F: AGCCACATGCAGAAGGTTTG (TG)16 104-106 56 PET 0.04 1192 2 0.420 0.422 0.332 -0.004 0.000 
(KU220229) R: TCTCTAATCATGTGAGCCAATTCC     0.04        
Multiplex 3              

















N Ar He Ho PIC FIS FrNull 
(KU220208) R: CGATGGTAGAGGAGGTTGGG     0.03        
Neosch06554 F: TCATTGGTATTCATGTTCCCCC (AC)14 176-178 56 PET 0.03 1192 2 0.496 0.474 0.373 0.044 0.015 
(KU220209) R: AGCCCAGGCTTGTTGAAATG     0.03        
Neosch07472 F: AGAATGAAAGGCAGACATGCG (CA)17 110-116 56 FAM 0.03 1192 3 0.500 0.477 0.376 0.046 0.015 
(KU220211) R: GTCCCTCGAACAGACTGGAG     0.03        
Neosch08549 F: AGCCTTGTGATGTCAATCTGC (AC)13 173-179 56 VIC 0.02 1192 3 0.441 0.445 0.344 -0.011 0.000 
(KU220212) R: TGCGGACAATTCATCCAAATATTAAC     0.02        
Neosch09043 F: GCCCTTCATCACCTGCTTTG (CA)13 157-159 56 FAM 0.03 1192 2 0.499 0.471 0.375 0.058* 0.019 
(KU220214) R: GAGCTGTGGCGAAAGACATC     0.03        
Neosch10475 F: GAGGATGGCTGAACCAGGAG (GT)18 82-84 56 FAM 0.03 1192 2 0.154 0.160 0.142 -0.037 0.000 
(KU220215) R: TGATGCCACAGTCTCTCCAC     0.03        
Neosch15057 F: AAATCTTGTGGATTCTTCAGCC (AC)16 79-81 56 VIC 0.03 1192 2 0.305 0.306 0.258 -0.005 0.000 
(KU220223) R: AACCAATGGCTGGGTCTGTG     0.03        
Neosch15522 F: TGAATAGCACTTTCTCTCCACTTC (AC)22 112-118 56 NED 0.03 1192 4 0.657 0.316 0.583 0.519** 0.206 
(KU220224) R: GACCATGAGGGAGGAGCTG     0.03        
Neosch15716 F: TTCTCCGACCTTGCCTTACC (AC)13 120-132 56 PET 0.03 1192 4 0.353 0.362 0.291 -0.024 0.000 
(KU220225) R: ACACTTTCACTGCCCTTTGC     0.03        
Neosch17310 F: TCAAATGGTGGAGGTGAGGG (GT)14 124-126 56 VIC 0.03 1192 2 0.485 0.470 0.367 0.032 0.011 
(KU220228) R: ACTTTTGGTATGTGCTCTGTTCTC     0.03        
       Mean 3 0.359 0.349 0.291 0.027 0.016 
Singleplexes              
Neosch02578 F: CTTTGATTCTGGTCGGGTGC (AC)16 229 - 231 56 FAM NA 15 2 NA NA NA NA NA 
(KU220203) R: AAGTCACATTGGACGTTGGG             
Neosch07171 F: CTACTCAGGCACAAATGGGG (GT)12 249 - 251 56 VIC NA 15 2 NA NA NA NA NA 
(KU220210) R: TCTCATGATCCCCTTCCACG             
Neosch14583 F: TTCCAGCTTCTGGTAGTGGG (TG)20 166 - 170 56 VIC NA 15 3 NA NA NA NA NA 
(KU220221) R: AGTACAGCCTGACACAGACG             
Neosch14857 F: TGAAGCCTCTTGACTGGTGG (AC)16 158 - 160 56 VIC NA 15 2 NA NA NA NA NA 
(KU220222) R: TGCTGTAAGAACATCCAGTGTG             
Neosch15901 F: TCCATGCACACCCATTTCTC (AC)19 98 - 100 56 PET NA 15 2 NA NA NA NA NA 
(KU220226) R: GAACGTCCCCACGTGTTTG             
Neosch18320 F: TGTCCACTTTCACCTGGAGC (GT)13 252 - 256 56 VIC NA 15 2 NA NA NA NA NA 







Supplementary Material  
 To design novel primers, we extracted total genomic DNA from 25 mg 
subsamples of tissue specimens archived in DMSO (20%) or ethanol (90-100%), using 
standard single column and 96-well plate Qiagen DNEasy tissue extraction protocols 
(Qiagen, Valencia, CA USA), and we contracted with Ecogenics GmbH to isolate 
microsatellite loci.  Size-selected fragments were enriched from genomic DNA for simple 
sequence repeat (SSR) content by using magnetic streptavidin-coated beads and biotin-
labeled GT and CT repeat oligonucleotides.  The SSR-enriched library was analyzed on a 
Roche 454 platform (454 Life Sciences, a Roche Company, Branford, CT, USA) using 
GS FLX titanium reagents (Microsynth AG, Balgach, Switzerland).  Following the 
protocols of M. Schuelke (Schuelke 2000), an 18-bp long M13-tail was added to the 5’ 
end of each forward primer to determine polymorphism.  Allele calls were based on 
patterns detected in individual DNA samples using an ABI3730 DNA analyzer (Applied 
Biosystems, Foster City, CA, USA).     
 PCR amplifications were set up in a 10L reaction volume of approximately 10ng 
of DNA template, 1 X Qiagen buffer stock (Qiagen) containing 15 mM MgCl2, 200M of 
dNTPs, 2 uM of each primer, 0.16 M of fluorescent labeled M13 primer and 0.5 units of 
Hot Start taq DNA polymerase.  The PCR program consisted of 15 min at 95C, followed 
by 30 cycles of 30 s at 95C, 45 s at the annealing temperature (Table 1) and 45 s at 
72C, followed by 8 cycles of 30 s at 95C, 45 s at 53C, and 45 s at 72C, ending with a 
final elongation stage of 30 min at 72C. 
 A total of 18, 551 reads consisted of an average of 219 base pairs.  Of these, 2,680 
reads contained a microsatellite insert with a dinucleotide of at least ten repeat units or a 
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tri- or a tetra-nucleotide of at least six repeat units.  However, only 1,017 reads were 
suitable for primer design. Out of the 190 primer pairs that were tested, 55 were excluded 
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A. Nicole Mihnovets 







 Molecular tools enable the assessment of genetic diversity and the inference of 
population connectivity in imperiled wild populations, thereby contributing valuable 
insights into the development of conservation strategies.  Endangered throughout its 
range, the Hawaiian monk seal (Neomonachus schauinslandi, HMS) experienced an 
overall population decline of more than 70% throughout the Northwestern Hawaiian 
Islands during the past 60 years. The existence of up to 32% of the current population has 
been attributed to intensive recovery efforts, and the influence of genetic processes on the 
capacity for HMS population recovery is an ongoing management concern. 
 Regardless of sample size or extent of molecular resolution, HMS population 
genetic studies over the past two decades reported extremely low levels of genetic 
diversity, along with evidence of high levels of gene flow within the population—albeit 
with ephemeral cases of mild differentiation.  These findings suggest that the use of 
translocation to promote population recovery would not have a detrimental genetic 
impact.  This study builds upon previous HMS genetic studies by using 42 polymorphic 
microsatellite loci in 785 seals first encountered on eight islands in 1972 and between 
1981 and 2007, to evaluate genetic diversity, population differentiation, and inter-island 
movement. 
 Overall levels of genetic diversity were low (AR = 1.93, HE = 0.38).  Spatial and 
temporal comparisons between island populations revealed mild, but insignificant, 
differences between diversity estimates.  Over the time periods examined, increasingly 
uniform estimates of heterozygosity were observed among island populations. 
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 Genetic differentiation was evaluated using population-based and individual-
based assignment methods.  Population-based assessments based on Fst and four 
analogous estimators revealed some cases of extremely mild and temporary 
differentiation between the Northwestern Hawaiian Islands and the main Hawaiian 
Islands when the data were partitioned into four timeframes, but not when all of the data 
were combined. 
 Overall patterns arising from individual-based analyses of contemporary gene 
flow were generally suggestive of admixture using STRUCTURE (K = 1) and principal 
component analyses. Isolation-by-distance and autocorrelation analysis, carried out 
separately for each sex, revealed nonrandom spatial structuring at close geographic 
distances (< 50km).  Genotypic clustering among males and females was not significantly 
different, suggesting that dispersal in HMS was not male-biased, the appearance of which 
may be an artifact of translocation.  
 In analyses of inter-island movement using GENECLASS, version 2, forty 
individuals were identified as first generation migrants.  Estimates of inter-island 
movement using the diveRsity R-package generally increased over time, although rates 
between Laysan and French Frigate shoals were consistently high (ranging from 0.90 to 
1.00).  Significant evidence of asymmetric (directional) migration was not found in 
pairwise comparisons of populations. 
 Results from this study generally align with findings of earlier HMS genetic 
studies. Across consecutive, complementary studies, concerted effort to maximize the 
utility of microsatellite markers has culminated in a relatively consistent understanding of 
the genetic status of the Hawaiian monk seal.  There is no evidence to suggest that 
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continuing management under a single population paradigm, or that using translocation to 





Introduction   
 Genetic diversity is the raw material required for adaptation in wild populations, 
and is essential to population persistence [1].  Thus, the factors that influence the genetic 
status of an endangered species are of interest to managers charged with crafting and 
implementing effective conservation strategies [2–4].  Genetic diversity is maintained 
under spatial and environmental constraints when rare alleles are preserved in isolated 
populations, or is lost because gene flow between populations is prevented [5].  Managers 
are often concerned with inbreeding depression and the loss of heterozygosity.  Lower 
heterozygosity may reflect a greater likelihood of expressing deleterious recessive alleles, 
fitness reductions, and reduced time to extinction [6,7].  Higher heterozygosity is 
correlated with higher evolutionary potential, which is assumed to be important for a 
species’ capacity to adapt to environmental change or recover from anthropogenic 
impacts such as over-exploitation [5–7].   
 Endangered throughout its range, the endemic Hawaiian monk seal 
(Neomonachus schauinslandi, HMS) narrowly survived the most recent period of human 
over-exploitation, which lasted for an estimated eight HMS generations [8].  Despite the 
initial increase in population size that followed during the first half of the twentieth 
century, a chronic decline after the 1950s was estimated to portend extinction by the end 
of the twenty-first century [9].  However, recent estimates have suggested that the rate of 
population decline may be slowing (Baker et al., unpublished data), and the survival of as 
much as 32% of the current population has been attributed to successful management 
interventions [10].     
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 Managers with the U.S. National Marine Fisheries Service’s (NMFS) Hawaiian 
Monk Seal Research Program (HMSRP) have used translocation to improve survival 
rates since 1984 [11-12], well before conservation genetics became a commonly-used 
management tool.  With the increasing accessibility and feasibility of molecular genetics 
tools, studies in subsequent decades have provided valuable perspectives on the genetic 
status of HMS, including potential implications of translocation and associated gene flow 
between populations [8, 13–17].  Across these studies, estimates of genetic diversity were 
consistently low, but revealed no evidence of contemporary inbreeding, and demonstrated 
little to no significant genetic differentiation throughout the population’s range.  A 
primary challenge in these studies was the low resolution of the few genetic markers that 
were available for genetic analyses. 
 Using mitochondrial and nuclear genetic markers, two studies by Kretzmann et al. 
[14, 15] tested the hypothesis that low estimates of within-island genetic variability and 
between-island genetic differentiation would be found in the Hawaiian monk seal, due to 
its small population size and strong site fidelity.  The first study found that while 
mitochondrial haplotype distributions suggested panmixia, nuclear multilocus 
fingerprints were significantly differentiated between two pairs of islands located in the 
Northwestern Hawaiian Islands.  The second study found inconclusive evidence of 
population differentiation between one pair of islands based on three microsatellite loci, 
which were new conservation genetics markers at that time. 
 Schultz et al. estimated that a minimum effective population size of possibly as 
small as 23 individuals survived a bottleneck in the late 1800s [8], and found a genome-
wide paucity of genetic variation [16].  In a subsequent study, Schultz et al. used 18 
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microsatellite loci [8, 16, 18] to evaluate genetic status based on an estimated 85% of the 
HMS population (~1,897 individuals).  Again, results suggested that populations across 
the archipelago had low levels of genetic diversity, and were panmictic, albeit with 
ephemeral genetic differentiation in some years [17].  In addition to establishing an 
important understanding of the genetic status of the HMS, this study determined that the 
practice of translocating individuals to increase survival rates was not likely to have 
detrimental genetic effects such as compromising the capacity for local adaptation or 
causing outbreeding depression [17,19, 20].  
 The feasibility of conducting genetic analyses has grown rapidly since the first 
translocations, and even since the most recent genetic assessment of HMS.  Here, newly 
available polymorphic microsatellite markers [21] offer an opportunity to revisit previous 
analyses and conduct additional assessments using unprecedented genetic resolution.  
 The aims of this HMS study were to: (1) evaluate genetic diversity and population 
genetic differentiation with expanded genotypes using 42 polymorphic microsatellite 
markers,  
(2) assess inter-island movements to increase understanding of dispersal behavior, and  
(3) consider the effect of translocation on the population genetics of HMS in light of 
expanded genetic resolution. 
Methods and Materials 
 
Study system 
 HMS inhabit subtropical waters and sandy beaches along roughly 2,500 km of 
Hawaiian Archipelago coastlines.  Approximately 85% of all HMS occur as eight 
subpopulations on the Northwestern Hawaiian Islands (NWHI), and 15% occur in the 
main Hawaiian Islands (MHI, Figure 1), where they are classified as a single 
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subpopulation [22, 23].  Subpopulation sizes range from 600 to 250 seals.   Overall, the 
population has gone through dramatic and continued declines since the 1950s.  However, 
the MHI subpopulation survival and growth rates are relatively high and consistent with a 
growing population, and although numbers have been declining in the six most studied 
NWHI for many years, recent census numbers in certain locations suggest that trends in 
this region may be stabilizing.  To support population recovery, managers use 
translocation to mitigate skewed sex ratios, male aggression towards females, negative 
interactions due to habituation, and low juvenile survival [11]. 
Sample collection, DNA extraction, and microsatellite genotyping 
 The HMSRP collected all tissue specimens (under NMFS MMPA/ESA Permit 
Numbers 848-1695, 10137 and 932-1905/MA-009526), and provided subsamples for this 
study. Samples were collected from seals on ten islands and atolls of the Hawaiian 
Archipelago (Midway Atoll, Kure Atoll, Pearl and Hermes Reef, French Frigate Shoals, 
Lisianksi, Laysan, and Nihoa (within the NWHI); and Hawaii, Ohau, Maui, and Kuai 
(within the MHI, Figure 1). With the exception of one sample that was collected in 1972, 
all samples were collected between 1981 and 2007.    
 Tissue samples were obtained while attaching individual identifier tags to the rear 
flippers of live captured animals, or during the necropsy of dead animals, and 
subsequently archived at the NMFS Pacific Islands Research Center (see [14, 16, 24] for 
detailed methods).   The DNA extraction and microsatellite genotyping protocols used 
were previously reported [17, 21], and the resulting genotypes were integrated into a 
single data set for this study.  In brief, total genomic DNA was extracted using Qiagen 
single-well and 96-well DNeasy Blood and Tissue Kits (Qiagen, Valencia, CA, USA), 
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following standard protocols. Negative controls were used for both extractions and 
polymerase chain reactions (PCR) to track potential contamination. Microsatellite loci 
were scored with GENEMAPPER (Applied Biosystems™, Carlsbad, CA, USA), version 
5.0 [21].  Genotypes consisting of 24 loci described by Mihnovets et al. [21] were 
integrated with genotypes consisting of 18 loci examined by Schultz et al. [17], for a total 
of 2409 individuals.  A total of 785 individuals (391 females, 393 males, and 2 of 
unknown sex; Table 1) were completely genotyped at all 42 possible loci (Table 2), thus 
enabling the highest possible resolution for genetic analyses.  A master consensus 
genotype file was stored in a Microsoft Access, version 7.0 (Microsoft Corporation, 
Redmond, WA, USA) relational database containing additional demographic data (see 
Supplementary Information for further details). 
Study design 
 Five genotype datasets (Table 1) were generated from the master genotype table 
for analyses.  The first dataset (henceforth referred to as “All years”), represented the 
entire spatial and temporal scope of this study, and consisted of genotypes for 785 
individuals.  Data for all years were divided into four partitions based on four to five-year 
time increments, as the age at first reproduction is thought to be approximately 5 years.  
The first subset contained genotypes from individuals sampled prior to 1991 (N=77).  
The second, third, and fourth subsets contained genotypes from individuals that were 
sampled between 1991 and 1996 (N=144), 1997 and 2002 (N=296), and 2003 and 2007 
(N=268), respectively.  All five data sets were further partitioned according to sex to 
examine potential differences between female- and male -mediated gene flow in 
individual-based population assignment analyses.  For all data sets, individuals observed 
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on the same island were assigned uniform latitude and longitude coordinates recorded 
from the center of each island. 
 Several key factors influenced the rationale behind data partitioning.  First, to 
distinguish potential influences of translocation on population genetic patterns, genetic 
data were parsed out for seals born prior to 1984, which was the first year translocation 
was used as a management tool to reduce mortality threats.  However, it was not possible 
to explicitly test for genetic differentiation in that initial timeframe because sample sizes 
were spatially and temporally uneven across island populations due to variable sampling 
regimes over several decades (Table 1).  Therefore, data from the first five years 
following translocation (1985-1990) were added to increase spatial and temporal 
coverage.  The addition of these years was not expected to skew analyses since the fifteen 
seals moved between 1984 and 1990 were one-year-old juvenile females, with the 
exception of a single male pup last seen at age one, and the age at earliest known 
reproduction is four and five years for females in the MHI and NWHI, respectively.  
Data analysis 
 Quality assurance was previously reported for the 18 loci characterized by Schultz 
et al. [17].  For the 24 loci described by Mihnovets et al. [21], the allele scoring error was 
manually estimated by quantifying discrepancies among two to five replicate genotypes 
(533 in total) of 252 known individuals.  MICROCHECKER, version 2.2.3 [25] was used 
to scan microsatellite genotypes for null alleles and scoring errors caused by stuttering 
and large allele drop-out.  Furthermore, GIMLET, version 1.3.3 [26] was used to assess 
the differentiation power of all 42 loci by calculating the probability of identity (P(ID)) and 
the probability of identity between siblings (P(ID)sibs). 
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 All genetic diversity statistics were analyzed using the R analytical software 
environment [27, 28].  The diveRsity R-package [29] was used to calculate the following 
conservation genetic parameters at each single locus and across all loci: private alleles 
(AP), allelic richness (AR) using rarefaction based on the smallest sample in the dataset (N 
= 2); observed (Ho) and expected (He) heterozygosity; unbiased expected heterozygosity 
(UHe); global Hardy-Weinberg equilibrium (HWE[glb]) based on log-likelihood tests for 
goodness of fit using 9,999 Markov chain Monte Carlo (MCMC) steps; one-tailed tests 
for homozygosity/heterozygosity excess (HWE(hom) and HWE(het)); and inbreeding 
(Fis) coefficients using 999 bootstrap replicates across individuals to generate 95% bias-
corrected lower and upper confidence limits (Fis (low), Fis (up)).  Total allele counts, 
polymorphic information content (PIC), and tests for null alleles were previously reported 
by Mihnovets et al. [21] and Schultz et al. [17]. 
 Population- and individual-based genetic differentiation analyses were 
implemented to quantify genetic structure within the total population and between all 
island populations for all five datasets. All population-level analyses were conducted 
using the R analytical software environment [27, 28].  First, the PopGenReport R 
package [30] was used with Weir and Cockerham’s Fst [31] and its analogues (Nei and 
Chesser’s gst [32], Hedrick’s Gst [33], Meirmans and Hedrick’s GGst [34], and Jost’s D 
[35]).  In addition, Nei’s genetic distance (Ds) between island subpopulations was 
visualized using principal components analysis (PCoA) as per Jombart et al. [36].  The 
diveRsity R package [29] was used to perform global and pairwise Fisher’s exact tests to 
assess sample independence (significant at p < 0.05) from genotype counts between 
populations using 2,000 MCMC replications to test for departures from panmixia.    
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 To assess individual-level contemporary gene flow, the Bayesian clustering 
approach in STRUCTURE, version 2.3.4 [37] was used to determine the number of 
genetic clusters (K) for HMS. Ten independent runs per K value (ranging from 1 to 10) 
were conducted assuming correlated allele frequencies in an admixture model with an a 
priori designation of collection location based on island of origin (LOCPRIOR) [38].  All 
runs consisted of a ‘burn-in’ period of 200,000 iterations, followed by 2,000,000 MCMC 
iterations.  The optimal number of K was determined by calculating the rate of change of 
a likelihood function with respect to K (delta K) described by Evanno et al. [39] and 
implemented in STRUCTURE HARVESTER, version 0.6.94 [40].  Using the Greedy 
algorithm and 1,000 permutations in CLUMPP, version 1.1 [41] the ten replicates of the 
Bayesian clustering results generated by STRUCTURE were aligned at the most likely 
value of K. 
 Furthermore, inter-island movement (represented by the estimated number of 
‘first-generation migrants’ at each island) was analyzed using GENECLASS, version 2 
[42] by applying likelihood-based assignment tests with the Bayesian criterion of 
Rannala and Mountain [43] in combination with the MCMC resampling method of 
Paetkau et al. [44].  Using an alpha level of 0.01 and simulations for 10,000 individuals, 
the probabilities of individuals being residents of each reference population were 
estimated without assuming a uniform prior distribution of allele frequencies [44].  The 
maximum likelihood algorithm was sampled according to the ratio of L_home (the 
highest likelihood of the individual genotype within the population from which the 
individual was sampled) to the highest likelihood value of all available population 
samples, to include the population from which the individual was sampled (L_max) [42].  
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The diveRsity R-package [29] was then used to estimate the relative migration rates 
between all pairs of population samples, and to generate a weighted network plot to test 
for significant directional differentiation of gene flow, which may help to reveal signals 
of barriers to gene flow [29, 45].   
 Isolation-by-distance (IBD) and spatial autocorrelation patterns were also 
characterized for HMS using GenAlEx, version 6.5 [46, 47] to detect spatial patterns in 
allele frequencies and evaluate potential ecological and evolutionary factors driving 
genetic differentiation. IBD and spatial autocorrelation patterns were assessed for males 
and females separately to identify potential sex-specific differences in movement. First, 
simple Mantel tests were conducted by correlating codominant genotypic distances with 
Euclidean (straight-line) geographic distances.  Next, spatial autocorrelation analysis was 
conducted by estimating pairwise squared genetic and Euclidean distance matrices, which 
were used to generate an autocorrelation coefficient (r) for several distance classes and 
were visualized as correlograms. The distance classes were chosen based on the 
distribution of geographic distances among island populations.  
Results 
DNA sample summary 
 Discounting controls, contamination, and replicates, PCR amplification yielded 
results for 2404 individuals.  Of these, complete coverage for all 24 loci was achieved for 
1192 individuals (see [21]).  In total, 429 allelic discrepancies were identified among the 
17,902 alleles examined among replicate genotypes, resulting in a genotyping error rate 
of 2.4%.  Genotypes for these 24 novel loci were integrated with 18 polymorphic loci 
previously characterized by Schultz et al. [17] to generate genotypes for all 2,409 
samples.  Between the two sets of markers, 100% coverage across all 42 loci was 
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achieved for 785 unique individuals, which were used in subsequent analyses. No 
evidence was found of large allele dropout for any of the 42 loci examined, and 
significant evidence (p < 0.001) for the presence of a null allele was found only at locus 
Neo15522, where homozygote excess could be attributed to scoring errors associated 
with stuttering. The probability of identity estimates (p<0.01) suggested that a minimum 
of three of the most informative loci out of the 42 available loci are necessary to 
distinguish between unrelated individuals (P(ID)). The conservative upper bound, 
(P(ID)sib), suggested that a minimum of seven out of the available 42 loci are required to 
distinguish a sibling relationship using genetic data alone (Figure 2). 
 Sample sizes for the “Before 91” and “91 to 96” data partitions were skewed due 
to uneven spatial and temporal sampling.  Therefore, results for all genetic diversity, 
population differentiation, and inter-island movement analyses based on these data alone 
should be interpreted with caution due to extremely small sample size.  Nevertheless, 
they lend some limited perspective.  For example, sample sizes for French Frigate Shoals 
were most consistent of all islands across the four chronological data partitions, enabling 
the consideration of the population genetic trend at that location across all of the years of 
the study. 
Genetic diversity  
 Across all data partitions, a total of 21 private alleles were identified (Table 3), 
with the lowest number (N = 1) occurring at Kure Atoll, and the highest (N= 11) 
occurring at French Frigate Shoals.  Four private alleles were identified once in each of 
the data partitions based on time increments, and not in the “All years” partition.  
Thirteen private alleles were detected in at least one partitioned time increment as well as 
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in the “All years” data partition.  For example, for Kure Atoll, allele 114 at Neo7472 was 
identified in the “97 to 02” partition and again in the “All years” partition.  Two private 
alleles were first identified at French Frigate Shoals in the “Before 91” partition and 
subsequently identified as private alleles at two new locations (Pearl and Hermes Reef 
and Laysan) in the “91 to 96” data partition, possibly suggesting gene flow from the 
southeast to the northwest (assuming no homoplasy or genotyping error). The “Before 
91” and “91 to 96” data partitions may have been prone to false positive calls due to 
uneven sample sizes and/or uneven representation of true allelic diversity and 
frequencies.  
 Out of 42 loci, significant departures from Hardy-Weinberg equilibrium (HWE) 
occurred at locus Neo3204 for the Laysan population in all data partitions, at Pearl and 
Hermes Reef and Lisianski in the “97 to 02” partition, and at Kauai in the “03 to 07” and 
“All years” partitions.  Departures from HWE also occurred at locus Neo8948 for the 
Laysan population in all data partitions, at Lisianski in the “97 to 02” partition, and at 
Kauai in the “03 to 07” and “All years” partitions.  However, there were no uniform 
patterns of significant departure of HWE for any single locus across all islands (data not 
shown) to suggest the exclusion of any locus from analyses.   
 When data for all islands were examined as a single population in all time 
increments (Table 4), allelic richness ranged from 1.79 to 2.50.  Observed heterozygosity 
ranged from 0.39 to 0.41, and expected heterozygosity ranged from 0.36 to 0.40.  
Unbiased expected heterozygosity calculations increased slightly over time, ranging from 
0.39 to 0.41.  Observed heterozygosity was slightly higher than expected heterozygosity 
in all time partitions, but observed heterozygosity values were nearly equal to unbiased 
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expected heterozygosity values.  There were no significant results in tests for departures 
from HWE, or for homozygous and heterozygous excess.  All estimates (with a 95% 
confidence interval) of inbreeding were below zero, ranging from -0.10 to -0.02.  
Heterozygosity, homozygosity, and allelic richness estimates were highest, and the Fis 
value was closest to zero, for the “97 to 02” data partition.  
 In comparison to overall population estimates, genetic diversity estimates for each 
island population across all data partitions were more variable (Tables 5A-E, Figures 3-
4).  Allelic richness remained below 1.99 for all islands across all data partitions except 
for the “97 to 02” partition, for which estimates ranged between 2.41 and 2.50.  Observed 
heterozygosity estimates generally became more uniform among islands over time.  
Estimates of observed and expected heterozygosity, and Fis were most consistent at 
Lisianski across all data partitions, and were more variable for populations with smaller 
sample sizes (Figure 5).  Expected heterozygosity was greater than observed 
heterozygosity at Laysan for all data partitions except “Before 91.”  At Laysan, Fis values 
were positive for all partitions except for “Before 91” (Figure 6).  Weakly positive Fis 
values (< 0.07) were also found for Pearl and Hermes Reef and Laysan Island (“91 to 
96”), Kure Atoll (“97 to 02”), and French Frigate Shoals (“03 to 07”).  All other Fis 
estimates were approximately zero or weakly negative (> -0.07 for islands with sufficient 
sample size) across all time increments.   
 Among data partitions, deviation from HWE was found for the following islands 
and time increments: French Frigate Shoals (“Before 91”), Pearl and Hermes Reef (“91 to 
96”), for all island populations tested except Midway atoll (“97 to 02”), and for Kure 
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Atoll, Midway Atoll, and Lisianksi (“03 to 07”).  However, no significant evidence for 
directional deviation (homozygous or heterozygous excess) was found.  
Genetic differentiation 
 Among calculations of Fst and its four analogous estimators (D, gst, Gst, GGst) at 
the overall population level, values and confidence intervals for Fst and Jost’s D were the 
most complementary and least variable across all partitions (Figure 7). The greatest 
degree of concordance among all indices per data partition occurred in the “97 to 02” 
partition.  Confidence intervals (95%) and p-values (< 0.05) of Kruskal-Wallis tests (not 
shown) indicated significant differences for Fst, D, gst, Gst, and GGst estimates between 
the “91 to 96” and “97 to 02” data partitions, and a significant difference in Jost’s D 
estimate between the “91 to 96” and “03 to 07” data partitions.  However, differences are 
an artifact of the uneven sampling effort in the “91 to 96” data set, rather than an 
indication of the influence of biological processes.   
 Estimates of Fst and its analogues across all data partitions (Tables 6A-E) and 
between island populations across all data partitions (Appendix, Tables 1 A-D) suggested 
mildly variable degrees of differentiation in some cases.  Higher values for three out of 
five indices (Fst, Gst, and GGst) based on data for “All Years” indicated greater pairwise 
genetic differences between Molokai and Pearl and Hermes Reef, and Molokai and 
Lisianski.  Again, highly skewed sample sizes in the “Before 91” and “91 to 96” data sets 
limited the informativeness of pairwise comparisons.  Perhaps most notably, estimated 
values for the “97 to 02” data partition were the least variable of all data partitions, 
showed the greatest concordance among all indices, and suggested little to no 
differentiation between island populations.  In the “03 to 07” data partitions, estimates for 
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Fst, Gst, and GGst were most concordant for three pairwise comparisons (Molokai/Kure 
Atoll, Molokai/Pearl and Hermes Reef, and Molokai/Lisianski) and thus suggestive of 
possible mild population differentiation.  However, sample size at Molokoi was too small 
to allow conclusive interpretation. 
 Results for Fisher’s Exact tests are reported for all data partitions in Tables 7A-E.  
Among the eight islands (six NWHI and two MHI) examined in the “All Years” data 
partition, significant differences were found among all populations in the Northwestern 
Hawaiian Islands, but not among those in the main Hawaiian Islands, nor between 
populations in the main and Northwestern Hawaiian Islands, respectively.  Again, small 
sample sizes in the main Hawaiian Islands limit the interpretation of findings.  No 
significant difference was found for any pairwise comparison among the four islands 
examined in the “Before 1991” data set.  A fifth island was excluded from this analysis 
due to insufficient sample size (N=1).  Significant differences were found for three 
pairwise comparisons among the five islands examined in the “1991 to 1996” data set.  
Significant differences were found among the pairwise comparisons for all six NWHI 
examined in the “1997 to 2002” data set.   Significant differences were found for nine 
pairwise comparisons among the eight islands (six NWHI and two MHI) examined in the 
“2003 to 2007” data set.  
 Results of individual assignment tests based on allele frequency distribution and 
applying Bayesian clustering analysis with STRUCTURE were generally suggestive of a 
single population, despite some variation when data were subdivided according to certain 
time periods.  Delta K calculations for all tested data partitions ranged from K = 2 to K = 
8 (Figure 8).  However, in most scenarios, associated bar plots reflected nearly equal 
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distributions of alleles across different genetic clusters, suggesting low genetic structure 
(K = 1).  For example, regardless of K value, individuals in the “Before 91” and “91 to 
96” data partitions were equally likely to be assigned to any of the proposed populations.  
A slight signal of differentiation at Pearl and Hermes Reef was reflected by slightly 
different proportions in the “97 to 02” data partitions, but bar plots of the overall 
distribution of most allele frequencies across islands were suggestive of a single 
population.  In the “03 to 07” partition, mild differences in proportions were evident for 
Kure Atoll, Midway Atoll, and Pearl and Hermes Reef, while greater uniformity was 
evident in the remaining islands to the southeast except at Laysan.    
 Overall, PCoA analyses did not distinctly separate island populations for any of 
the five data partitions, nor for finer scale comparisons between sexes for all partitions.  
Although genetic clusters for all populations overlapped in PC space, in some cases 
populations, ranging from Kure Atoll to Pearl and Hermes Reef to the west, tended to 
cluster more closely together, particularly for all individuals in the “All years” data 
partition (Figure 9), for females in the “91 to 96” (Figure 10B) and “03 to 07” data 
partitions (Figure 11B), and for males in the “03 to 07” data partition (Figure 11B). 
Males from the Laysan and French Frigate Shoals populations also tended to cluster more 
closely over time when compared across the “91 to 96,” “97 to 02,” and “03 to 07” 
partitions (Figures 10B-11B).  A common pattern of slight differentiation was revealed 
among males in the “Before 91,” “91 to 96,” and “97 to 02” data partitions, whereby 
genetic clusters for Pearl and Hermes Reef and French Frigate Shoals were oriented most 
distantly from each other in PC space relative to both PC axes.    
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 Comparisons between sexes in the “03 to 07” data partition, which contained 
genetic data for individuals in the main Hawaiian Islands, suggested that genetic clusters 
of males originating from Kauai and Molokai were more proximate in PC space to Kure 
Atoll and Midway Atoll, despite the greater relative geographic remoteness of the latter.  
Yet, males originating from Nihoa and Oahu, which are in relatively close geographic 
proximity to one another, were more remotely situated in PC space.  When examined 
relative to all other populations in the “All years” partition, individuals from Oahu and 
Kauai were clustered most closely within the PC space. Results for MHI populations 
should be interpreted with caution due to the small sample size, which may have resulted 
in over-estimation of spatial patterns [48]. 
 Assessment of IBD patterns in HMS revealed significant positive correlations 
between individual genetic and geographic distances (“All years,” r = 0.096, P = 0.010; 
“Before 1991,” r = 0.257, P = 0.001; “91 to 96,” r = 0.116, P = 0.001; “97 to 02,” r = 
0.094, P = 0.001; “03 to 07,” r = 0.106, P = 0.010; Figures 12A- E), suggesting that 
geographic distance was partially driving the genetic structure detected. Spatial 
autocorrelation analysis showed significantly positive correlations in the first distance 
class at 50 km (“91 to 96,” r = 0.047, P = 0.001; “97 to 02,” r = 0.069, P = 0.001; “03 to 
07,” r = 0.071, P = 0.001; Figures 13 A-D), confirming the presence of nonrandom 
spatial structuring. Individuals detected within 50 km from each other share a higher 
proportion of shared alleles than individuals detected at further geographic distances. For 
female HMS, spatial autocorrelation was also detected for the 50 km distance class (“91 
to 96,” r = 0.048, P = 0.001; “97 to 02,” r = 0.066, P = 0.001; “03 to 07,” r = 0.070,  
P = 0.001; (“All years,” r = 0.063, P = 0.001; Figures 13 E-H)). For male HMS, a similar 
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spatial autocorrelation was detected for the 50 km distance class ((“91 to 96,” r = 0.054, 
P = 0.001; “97 to 02,” r = 0.073, P = 0.001; “03 to 07,” r = 0.071, P = 0.001; (“All 
years”, r = 0.068, P = 0.001; Figure 13 I-L)). 
Inter-island movement 
 Among the 40 individuals that were identified as first generation migrants 
(probability threshold < 0.01), 16 were male and 24 were female (Table 8).  The greatest 
number of potential migrants was assigned to Kure Atoll (N = 10), with at least one 
individual originating from every island except Lisianski, Kauai, and Oahu (however, 
Kauai and Oahu were represented by only three samples).  The smallest number of 
potential migrants was assigned to French Frigate Shoals (N = 4), and none were 
assigned to Nihoa or Molokai (the populations of these islands were represented by 
extremely small sample sizes).  Two individuals were identified as having possibly 
arrived at Kure Atoll from Molokai, which are located at the greatest geographic 
extremes among the locations in this study.  Neither of the two translocated seals 
included in the data were identified by GENECLASS as potential migrants.  
 Relative migration networks (Figure 14) show all of the relative migration rates 
for all data partitions, none of which were found to be significantly asymmetric (no bias 
in the direction of movement between islands) by pairwise comparisons within each 
partition (Tables 9A-E, 95% CI, 999 bootstrap iterations).  Across all data partitions, 
relative migration rates generally increased over time, and rates between Laysan and 
French Frigate shoals were consistently high, usually ranging between 0.90 and 1.00.  
Notably high rates also occurred between Midway Atoll and Pearl and Hermes Reef in 
the “All years” partition, for Pearl and Hermes Reef and French Frigate Shoals in the “91 
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to 96” partition, for Lisianski and Laysan in the “97 to 02” partition, and for Kure and 
Midway atolls in the “03 to 07” partition.  Relative migration rates in the latter two 
partitions averaged around 0.50 for two islands located at geographic extremes (Kure 
Atoll and French Frigate Shoals), which may reflect the legacy of translocating 
individuals from French Frigate Shoals to Kure.  Results for the “Before 91” and “91 to 
96” data partitions were limited by uneven sample size and are therefore uninformative.   
Discussion 
Genetic diversity 
 In this study, a dataset capturing unprecedented genetic coverage at 42 
polymorphic microsatellite loci for 785 individuals was used to revisit questions 
regarding genetic diversity, population structure, and inter-island movement for the 
endangered Hawaiian monk seal. Complete genotypes were used to avoid potential biases 
in genotype frequency estimates caused by missing or incomplete data at any given locus, 
which improves accuracy when evaluating heterozygosity, inbreeding, and genetic 
differentiation [49,50].   
 This study also provided the first evaluation of private alleles for HMS.  At least 
one private allele was observed at each of the six NWHI, and a total of 21 were identified 
across all data partitions.  Though not directly comparable, this is similar to the closely 
related Mediterranean monk seal (Monachus monachus), which was characterized by two 
highly differentiated populations, one with 14 private alleles and the other with 18 private 
alleles, using a separate set of markers [51].   
 Despite more than twice as many markers being used than ever before, the results 
were generally suggestive of low genetic diversity with very mild spatial differences 
along an east-west gradient, particularly during years of more consistent sampling, and 
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high levels of gene flow, thereby generally reinforcing findings by previous genetic 
studies [8, 13–17]. 
 In a meta-analysis of genetic variations in mammalian populations, DiBattista et 
al. [52] estimated that healthy, undisturbed populations have an average of 8.84 ± 0.57 
alleles, while those that have been subjected to hunting or harvest have 6.89 ± 0.46.  
Here, HMS estimates fell well below both of these values.  Low estimates of allelic 
richness ranging from 1.79 to 2.50, and peaking in the “97 to 02” data partition, were 
even slightly lower than in previous studies (mean allelic diversity = 3.5 ± 2.62) [16]).  
This is likely due to limited variation (two to three alleles) among a majority of the 24 
new loci used [21], which accords with previous findings of limited variation among loci 
throughout the HMS genome [8].  The peak in allelic richness observed in the “97 to 02” 
data partition may be due to detecting the greatest number of private alleles (N = 6) in 
contrast to other partitions, since calculations of allelic richness using rarefaction can be 
highly sensitive to private alleles [53].  Alternatively, differences between data partitions 
may be due to variable and uneven sampling efforts at several islands throughout the 
study period.  Nevertheless, overall estimates are suggestive of historical and long-term 
disturbance [3].  
 Neither observed nor unbiased expected heterozygosities exceeded 0.41 in any 
given data partition; and overall values across all years were nearly equal at 0.39 and 
0.40, respectively.  In contrast, the highest observed and expected heterozygosities 
previously described by Kretzmann [15] and Schultz [17] were 0.80 and 0.53, 
respectively.  Heterozygosity estimates likely declined with increased sampling at more 
loci due to limited allelic diversity (two to three alleles) for the majority of the 24 new 
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loci [21].  In further comparisons between data partitions, heterozygosity estimates 
became slightly more uniform among island populations over time, which may be 
suggestive of enhanced gene flow facilitated by translocation.  
 Diversity estimators between islands within each data partition revealed 
significant departure from HWE in three populations in the NHWI between 1997 and 
2002, but not between 2003 and 2007. Departures from HWE indicate that the population 
may not meet analytical assumptions of genetic equilibrium [8], which is not unusual for 
small populations that have experienced a bottleneck.  Thus, differences in allele 
frequencies between populations could be due to processes other than reproductive 
isolation, such as non-random mating or variable relative reproductive success among 
sexually mature males.  Further clarification requires additional research to determine 
paternity and male reproductive success, since HMS mating occurs underwater and 
cannot be directly observed. 
 For the four chronological data partitions examined, direct estimates of 
heterozygosity or homozygosity excess were not found to be significant for any island 
population.  However, when data for all years were grouped together, all island 
populations except those on Midway Atoll were estimated to have either form of 
directional excess, and three islands were estimated to have both.  This may be attributed 
to analytical artifacts or to underlying biological processes.  Two separate algorithms 
were used to test hypotheses of excess based on observed and expected heterozygosities, 
and on the three islands where significance was found, estimates of observed and 
expected heterozygosities were essentially identical.  Excess heterozygosity can be 
associated with population admixture or with loss of alleles at selectively neutral loci due 
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to population bottlenecks [54], both of which previously described for this system [8].  
Non-random mating can also lead to an excess of heterozygotes and a deficiency of 
homozygotes.  
 Detection of heterozygosity excess may at first seem counter-intuitive, given the 
low level of allelic diversity observed in the majority of microsatellite loci in the 
Hawaiian monk seal.  However, cross-homozygote mating (for example, the AA of a 
female crossed with the BB of a male) will result in exclusively heterozygous (AB) 
progeny.  Therefore, it is possible that indicators of heterozygosity excess arise because 
cross-homozygote mating occurs more frequently in HMS than would be expected at 
random.    
 Negative values of Fis can also be indicative of heterozygosity excess.  Across all 
data partitions, spatial and temporal variation among inbreeding coefficients on each 
island were often negative, vacillated extremely close to zero, and never exceeded 0.06, 
suggesting that despite a small population size and an historical bottleneck, mating 
between closely related individuals is not a common occurrence in HMS.  This also 
aligns with previous findings [16]; however, direct analyses of individual relatedness are 
still needed for further validation.   
Genetic differentiation 
 Deviation from panmixia was found for all NWHI using Fisher’s exact test for the 
data partitions encompassing the years 1997 to 2002, 2003 to 2007, and all of the years of 
the study.  There were notably more significant results in the “97 to 02” partition than in 
the “03 to 07” partition, suggesting the possibility of ephemeral genetic differentiation 
due to random fluctuations in gene frequencies, as has previously been reported for HMS 
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[17].  Similar patterns were also observed using allele-based and relative fixation indices 
of differentiation.   
 Weir and Cockerham’s Fst, as well as four additional analogous estimators, were 
examined due to their individual strengths and weaknesses relative to data characteristics.  
While distanced-based Fst and Gst estimates are based on relative fixation patterns 
between populations as indicators for differentiation, they are prone to underestimating 
genetic differentiation for polymorphic loci.  By scaling indices of estimated genetic 
diversity, gst, Gst, and GGst are adjusted for small sample size or high polymorphism, 
whereas Jost’s D is an allele-based indicator that discounts genetic distance between 
alleles when estimating differences among populations.  However, Jost’s D weighs rare 
alleles less heavily than common alleles, making it difficult to discern the relative 
influences of both on differentiation [35, 55], and, like Gst, it can be highly sensitive to 
mutation rate [1, 56].  Relative concordance among at least three estimators indicated 
several significant cases of genetic differentiation within and between data partitions, 
particularly for pairwise comparisons between the NWHI.  Concordance between these 
estimators elicits greater certainty when interpreting results, while greater variability 
between them can indicate that further consideration of underlying data conditions or 
analytical assumptions is needed [1, 55].  
 The management of HMS is based on the guidelines that “a little genetic variation 
is suggestive of a single stock/population” if 0.0 < Fst ≤ 0.05,  of “moderate genetic 
variation among stocks/populations” if 0.05 < Fst ≤ 0.15, and “great genetic variation” if 
FstT > 0.15 [8].  Thus, Fst estimates for the “03 to 07” and “All year” data sets suggest 
moderate genetic variation among NWHI populations and between the NWHI and MHI 
 
 89 
populations, however the MHI results should be omitted due to extremely small sample 
sizes.  Cases of weak but significant population-level genetic differentiation may be due 
to the presence of closely related individuals (e.g., siblings) in the datasets used.   
 The findings of this study contrast with previous studies in several ways.  Early 
analyses by Kretzmann et al. [14-15] found evidence of differentiation according to 
within-island DNA fingerprint similarity indices ranging from 0.49 to 0.73 and Fst = 
0.038, and also found significant evidence of population subdivision for pairwise 
comparisons of Lynch’s F’st [57] between Laysan and Lisianski (F’st = 0.20), and Pearl 
and Hermes and Kure Atoll (F’st = 0.13).  And a subsequent study [15] of one 
microsatellite locus in 108 individuals and two microsatellite loci in 46 individuals found 
inconclusive evidence of population differentiation between Kure Atoll and the French 
Frigate Shoals (Rst = 0.127) [58, 59].  Although they found evidence of mild and 
ephemeral differentiation in estimates for individual cohort years, Schultz et al. [17] did 
not find significant evidence of spatial or temporal differentiation based on Fisher’s exact 
tests, Fst < 0.05, nor on estimates of Weir and Cockram’s θ = -0.03 [31] based on 18 
polymorphic microsatellite loci in 1,897 individuals, and thus determined that HMS 
should be managed as a single population. 
 Bayesian clustering analysis for the data partitions encompassing all of the years 
in this study generally agreed with the finding of Schultz et al. [17] of a single 
population.  A few mild differences in allele proportions arose among results for data 
partitions representing different time frames.  Most notably, in assignment tests for data 
collected between 2003 and 2007, individuals originating from Kure Atoll, Midway 
Atoll, and Pearl and Hermes Reef were clustered most closely together in PC space, 
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while plots of individuals from Laysan Island spanned the greatest range in PC space.  
Overall, there does not appear to be a strong case for sex-biased influences on 
proportions of allele frequencies, which may be facilitated in part by management 
interventions to offset skewed sex ratios using translocation [60].   
 PCoA findings complement a subset of results from a study by Schmelzer et al. 
[61], which used cluster analysis to identify three distinct biogeographical regions (Figure 
15) that Hawaiian monk seals inhabit within the Hawaiian Archipelago.  Determinations 
were based on a non-uniform spatial distribution of environmental variables (sea surface 
temperature (SST), chlorophyll-a, mixed layer depth, and primary productivity).  
Differentiation of the first three variables was distinct among Kure, Midway, Pearl and 
Hermes Reef (collectively designated as Region 3), Lisianski and Laysan (Region 1), 
French Frigate Shoals, Nihoa, and Necker (Region 2).    
 The parallels between environmental data and genetic data for islands in Region 3 
suggest that biophysical conditions may influence movement and habitat selection, which 
in turn may be an important factor in the genetic connectivity of Hawaiian monk seals.  
However, there was more variability among remaining islands.  For example, Schmelzer 
et al.’s environmental clustering of Lisianski with Laysan agreed with genetic clustering 
only for males in the “All years” partition of this study, but genetic assignments for all 
individuals in the “All years” partition indicated more similar allele frequency 
distributions between Laysan and French Frigate Shoals than between Laysan and 
Lisianski.  
 Assessment of isolation-by-distance and spatial autocorrelation analysis revealed 
that geographic distance was partially driving the genetic structure detected.  Results 
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indicated non-random spatial structuring at close geographic distances, suggesting that 
males and females were more closely related at distances of up to 50 km than were 
individuals taken at random from the population. In contrast to other marine mammals, 
for which dispersal is male-biased [62-63], no differences in the degree of sex-biased 
dispersal were detected. A proximate cause for this finding may be the translocation of 
approximately 110 seals (the majority of which were female) during the study period, 
which increased inter-island gene flow. Dispersal behavior between the sexes can also 
vary depending on various other factors, including habitat characteristics and population 
demographics [64-66].  Further clarification of relationships between biophysical habitat 
characteristics and genetic connectivity will require directly integrating environmental 
and genetic data in a seascape genetics-based analytical framework [67–71]. 
Inter-island movement   
 Translocation is an important factor in HMS dispersal and gene flow, and is at 
least partially reflected in the results of first-generation migrant analyses.  Seventy-five 
weaned or immature female seals were translocated from French Frigate Shoals to Kure 
Atoll between 1984 and 1995, and they later gave birth to 68 pups ([72], NMFS 
unpublished data).  Population survey data have since indicated that at least 24 females 
observed at Kure Atoll may have lineage origins from French Frigate Shoals ([72], 
NMFS unpublished data).  Indeed, several individuals with this ancestral profile were 
identified as immigrants in this study.  Yet the only translocated individual directly 




 Factors that could be influencing detection in this analysis are: (1) level of genetic 
diversity, as low genetic diversity in the system limits the power to detect migrants; (2) 
high levels of gene flow, as a relatively even distribution of alleles across all islands 
makes it difficult to track individuals back to source populations; (3) geographic coverage 
of the study system, as a failure to include appropriate populations in the analysis could 
result in a false positive detection that an individual is descended from immigrants, or is 
an immigrant; and (4) random chance (e.g., when α values are too high) of false detection 
due to a large sample size requiring a larger number of pairwise comparisons [43].  
Further analysis that includes full genotypes for all translocated individuals and even 
sampling across all populations of interest would allow for more rigorous assessment of 
the utility and power of first generation migrant analysis for an endangered population 
with low genetic diversity, little to no population differentiation, and systematic assisted 
migration via translocation.  
 Results from directional migration analyses yielded two relatively consistent 
patterns across data sets regardless of sample size.  First, the highest levels of gene flow 
and the greatest genetic similarity were found for populations from French Frigate Shoals 
and Laysan.  Second, greater genetic similarity was found for populations from Lisianski, 
Pearl and Hermes Reef, and Midway Atoll, albeit with variable, and relatively lower, 
rates of gene flow.  The algorithm used in this analysis is still considered to be in the 
early stages of development since its performance has not been fully assessed across a 
comprehensive suite of evolutionary scenarios that may hold true for different study 
systems [29].  Furthermore, rare alleles are interpreted as evidence of no migration; 
therefore, incomplete detection of rare alleles in a population could lead to an 
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overestimation of migration.  Nevertheless, preliminary results indicate similar patterns 
of genetic differentiation between populations to those of assignment and clustering tests, 
suggesting that the diveRsity R-package [29] could well be a reliable and useful tool for 
further investigation of HMS migration and dispersal.   
Conclusion 
 Using the largest set of genetic loci ever examined for the Hawaiian monk seal, 
the results of this genetic assessment generally corroborate previous findings of low 
genetic diversity, and weak population structure as well as panmixia, depending on the 
metric and analysis of choice and spatial and temporal coverage of data.  This study also 
contributes a new, preliminary perspective on the use of genotype data to infer migration 
patterns for a highly endangered species that has undergone at least one demographic 
bottleneck.      
 The integration of genetic investigations into conservation effort enables 
consideration of long-term species persistence, and complements ecologically-based 
approaches targeting short-term extinction factors of concern.  Genetic variation provides 
the raw material for adaptive capacity, and plays an important role in individual and 
population fitness.  Movement (e.g., the migration or assisted migration) of individuals 
throughout the Hawaiian Archipelago promotes gene flow, and is therefore one important 
mechanism for maintaining genetic variation.  Any additional management built around 
the current understanding of genetic diversity and differentiation for the Hawaiian monk 
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Figure 4-1.  Map of the Northwestern Hawaiian Islands (NWHI) and main Hawaiian 









Figure 4-2.   Comparison of the probability, with threshold P(ID) < 0.01, of 
distinguishing between unrelated individuals, (P(ID)), and between siblings (P(ID)sib) in 
a given population.  
 
The conservative upper bound, (P(ID)sib), suggests that a minimum of seven out of the 









Figure 4-3.  Calculations of mean expected heterozygosity plotted against mean observed 
heterozygosity for data partitions.  (Dotted line represents equal observed and expected 








Figure 4-4.  P-values of HWE exact tests for homozygosity and heterozygosity excess for 
















Figure 4-6.  Observed (Ho) and expected (He) heterozygosity and inbreeding coefficient 










Figure 4-7. Unbiased global estimates for Fst and four analogues, with associated 95% 
confidence intervals calculated for each data partition using the diveRsity R package 
[29].   Estimators are as follows: Nei & Chesser’s gst [32], Hedrick’s Gst [33], Meirmans 
and Hedrick’s GGst [34], Jost’s D [35], and Weir and Cockerham’s Fst [31].  
Comparisons between respective confidence intervals for each estimator suggest that 
there is a significant difference between gst, Gst and GGst values between the “91 to 96” 
and “07 to 02” data partitions. Negative values can be a result of small sample size.  The 









Figure 4-8. Results of genetic individual assignment tests for five data partitions.   
 
“All years” represents the entire dataset comprised of 785 individuals.  Line plots in the 
left column indicate DeltaK (ΔK) as the likelihood (y-axis) of individual genotypes 
clustering into K groups (x-axis), indicating the rate of change in lnP(X/K). Bar plots 
show the clustering of individuals by STRUCTURE [37], and the width of plots for each 
island population is relative to respective sample sizes. Plots are arranged relative to 
geographic location, where the origin of the graph represents the most northwestern 
Hawaiian island and the far right of the graph represents the most southeastern Hawaiian 
island. Due to small sample sizes, Nih, Kau, Oah, and Mol are labeled as “MHI” (main 




Figure 4-9.  Principal component analysis (PCoA) of the “All years” data partition based 
on the genetic diversity of the 42 microsatellite loci used in this study. Analyses were 
based on data for all individuals, females only, and males only using the PopGenReport 
R-package [30]. Color-coded dots with an associated numeric code indicate the 

















Figure 4-10.  PCoA plots for data partitions of samples collected (A) before 1991 and (B) 
between 1991 and 1996.  Plots include combined data for both males and females (all), as 
well as sub-divided data for comparisons between sexes (female and male).  
 



















Figure 4-11. PCoA plots for data partitions of samples collected between (A) 1997 and 
2002 and (B) between 2003 and 2007. Plots include combined data for both males and 
females (all), as well as sub-divided data for comparisons between sexes (female and 
male).   
 







Figure 4-12. Isolation-by-distance (IBD) in Hawaiian monk seals (HMS). IBD patterns 
were assessed for HMS samples collected between (A) 1972-2007 (all sampling years), 
























































Figure 4-13. Spatial autocorrelation analysis in Hawaiian monk seals (HMS). Spatial 
autocorrelograms (A-D: all seals; E-H: females; I-L: males) showed genetic correlation 
coefficients (r) as a function of geographic distance across several spatial distance 
classes. Dashed red lines represent upper (U) and lower (L) bounds of null distribution 
based on 10,000 random permutations. Error bars represent 95% confidence intervals for 




























































































Figure 4-14.  Relative migration networks generated based on estimates of Nm for all data 
partitions, assuming an infinite allele model, equilibrium of gene diversities, and an 
island migration model, using the diveRsity R package [29].  Line darkness indicates 
gene flow level (higher levels are represented by darker lines), and relative proximity of 
populations indicates the genetic similarity of populations. Populations that are in close 
proximity to each other and are connected by lighter lines are geographically, but not 
genetically, close.  Significant differences between relative migration rates suggestive of 













Figure 4-15.  Classification by Schmelzer et al. [61] of Hawaiian monk seal breeding 
areas into biogeographical regions according to differential environmental variables.  In 
geographical order, Kure, Midway, and Pearl and Hermes Reef comprise Region 3, 
Lisianski and Laysan comprise Region 1, and French Frigate Shoals, Nihoa, and Necker 









Table 4-1. Overall sample size (All) and partitioned according to sex ((U)nknown, (F)emale, (M)ale), location where 
individuals where first observed, and year when first identified. Data were partitioned according to years prior to translocation 
plus subsequent years in which translocated individuals were not expected to have contributed to the gene pool (“Before 91”), 
and into four- or five-year time increments thereafter.   
 
 “Before s91” “91 to 96” “97 to 02” “03 to 07” “All years” 
Island All F M All F M All F M All U F M All U F M 
Kur 3 1 2 22 8 14 48 20 28 48   21 27 121   50 71 
Mid     2 2   25 14 11 29  19 10 56  35 21 
PHR 4 1 3 40 19 21 51 27 24 27 1 14 12 122 1 61 60 
Lis 1  1 13 8 5 37 19 18 61  30 31 112  57 55 
Lay 8 1 7 7 5 2 78 40 38 56  36 20 149  82 67 
FFS 61 37 24 60 25 35 57 26 31 39  15 24 217  103 114 
Nih             1   1 1   1 
Kau             3  1 2 3  1 2 
Oah             1   1 1   1 
Mol                   3   2 1 3   2 1 











Table 4-2.  Genotypes integrated in this study were developed using 42 polymorphic microsatellite loci with 
the following Genbank accession numbers, repeat motifs, forward and reverse primer sequences, allele 






Primers Size Ho He A 
Neosch00871 Mihnovets et al. 2016 KU220201 (GT)14 
F: TCACTCACACCAGGAGAAGG 
R: CCACGCTAGACATGGTCTTTG  
140-144 0.17 0.18 3 
Neosch01807 Mihnovets et al. 2016 KU220202 (AC)17 
F: CCACTTGGAAGCAAAAGTAAAGC 
R: TAGGAAAGCCTTCTCTGGGC 
95-99 0.72 0.50 3 
Neosch03204 Mihnovets et al. 2016 KU220204 (AC)13 
F: ACCAGGAGTAGTCCAAACAGG 
R: CACCCGTGTTACAGAGGAAG 
187-189 0.37 0.39 2 
Neosch03980 Mihnovets et al. 2016 KU220205 (GT)15 
F: GCTTTGGCTCTCATTCTCAGC 
R: AACATCACTGCCCACTCTCC 
94-100 0.17 0.18 3 
Neosch04022 Mihnovets et al. 2016 KU220206 (CCAT)11 
F: AGATGTGCATGATGTTACCCAAG 
R: GTGCCACCAGTTAAAGAGGG 
141-145 0.35 0.38 2 
Neosch04553 Mihnovets et al. 2016 KU220207 (TG)21 
F: TGGGTTGACTACCATCGCTC 
R: AGCAAGGGACGTAGTGACAG 
170-172 0.47 0.47 2 
Neosch04584 Mihnovets et al. 2016 KU220208 (CA)18 
F: CGCATTCACGCACTTTTCAC 
R: CGATGGTAGAGGAGGTTGGG 
219-223 0.21 0.21 3 
Neosch06554 Mihnovets et al. 2016 KU220209 (AC)14 
F: TCATTGGTATTCATGTTCCCCC 
R: AGCCCAGGCTTGTTGAAATG 
176-178 0.47 0.50 2 
Neosch07472 Mihnovets et al. 2016 KU220211 (CA)17 
F: AGAATGAAAGGCAGACATGCG 
R: GTCCCTCGAACAGACTGGAG 
110-116 0.48 0.50 3 
Neosch08549 Mihnovets et al. 2016 KU220212 (AC)13 
F: AGCCTTGTGATGTCAATCTGC 
R: TGCGGACAATTCATCCAAATATTAAC 
173-179 0.45 0.44 3 
Neosch08948 Mihnovets et al. 2016 KU220213 (TG)15 
F: GTATGTTGTTGCAAACGGCAG 
R: AGTGCCTGTTGTGATGGATG 
123-127 0.09 0.10 3 
Neosch09043 Mihnovets et al. 2016 KU220214 (CA)13 
F: GCCCTTCATCACCTGCTTTG 
R: GAGCTGTGGCGAAAGACATC 
157-159 0.47 0.50 2 
Neosch10475 Mihnovets et al. 2016 KU220215 (GT)18 
F: GAGGATGGCTGAACCAGGAG 
R: TGATGCCACAGTCTCTCCAC 
82-84 0.16 0.15 2 
Neosch15057 Mihnovets et al. 2016 KU220223 (AC)16 
F: AAATCTTGTGGATTCTTCAGCC 
R: AACCAATGGCTGGGTCTGTG 













Primers Size Ho He A 
Neosch10588 Mihnovets et al. 2016 KU220216 (CA)16 
F: GATACCAGTGGCCCAAACTC 
R: TCAAGCATTCAACCAAGTGC 
105-111 0.26 0.26 3 
Neosch10909 Mihnovets et al. 2016 KU220217 (CA)16 
F: GTGCGTGCTCTCTATTTTCCC 
R: TGTGCATTCCTGTAGCAGAG 
113-117 0.29 0.28 2 
Neosch11181 Mihnovets et al. 2016 KU220218 (AC)15 
F: ACTGGCTTTCCTCACTCCTG 
R: CGTGAGAATCAACCCTCTGC 
222-228 0.39 0.38 2 
Neosch12980 Mihnovets et al. 2016 KU220219 (AC)20 
F: CTGACACCTTCTCTACCGGC 
R: CAGTGCCCACGCATGTTTC 
218-224 0.42 0.42 4 
Neosch14403 Mihnovets et al. 2016 KU220220 (CA)12 
F: AGGAGGGATTCCAGCAAGAG 
R: ACAGCAATGGTGATGGGATG 
297-301 0.17 0.17 3 
Neosch15522 Mihnovets et al. 2016 KU220224 (AC)22 
F: TGAATAGCACTTTCTCTCCACTTC 
R: GACCATGAGGGAGGAGCTG 
112-118 0.32 0.66 4 
Neosch15716 Mihnovets et al. 2016 KU220225 (AC)13 
F: TTCTCCGACCTTGCCTTACC 
R: ACACTTTCACTGCCCTTTGC 
120-132 0.36 0.35 4 
Neosch16869 





0.40 0.39 2 
Neosch17310 Mihnovets et al. 2016 KU220228 (GT)14 
F: TCAAATGGTGGAGGTGAGGG 
R: ACTTTTGGTATGTGCTCTGTTCTC 
124-126 0.47 0.49 2 
Neosch18265 Mihnovets et al. 2016 KU220229 (TG)16 
F: AGCCACATGCAGAAGGTTTG 
R: TCTCTAATCATGTGAGCCAATTCC 
104-106 0.42 0.42 2 
Msc01 Schultz et al. 2010 GU206362 (AC)18 
F: ATTTTAATTATGGGTTACTTTGAACC 
R: TCACCATTTAATGCATATGAGC 
161-167 0.47 0.49 3 
Msc03 Schultz et al. 2010 GU206363 (TG)21 
F: TGGTCTTTCTTAAGGCCAAG 
R: ATATGGAAGCAGCCCAAGTG 
126-136 0.70 0.71 5 
Msc04 Schultz et al. 2010 GU206364 (TATC)14 
F: CTTTAGTTTCCGGTGTTCAGTG 
R: CTCAGGGTTGTGAGTTCAAGC 
159-167 0.52 0.52 4 





0.27 0.27 3 
Msc09 Schultz et al. 2010 GU206366 (CTAT)13 
F: GCCTGATTTGCCTCTTCTTC 
R: GCGTCAGAAAGACACAGGAG 













Primers Size Ho He A 
Msc10 Schultz et al. 2010 GU206367 (TATC)13 
F: CCTCCATCGCTACCATCTTC 
R: TGAACGCAAGTGGATGAGTC 
141-149 0.47 0.48 3 
Msc13 Schultz et al. 2010 GU206368 (CA)20 
F: CACCTTTGGCTTCCAGTGTC 
R: ATTCGGTGGTGGCTTTTATG 
194-202 0.40 0.40 3 





0.50 0.51 3 
Msc19 Schultz et al. 2010 GU206371 (CTAT)11 
F: GGCTATTGGCCAACTGGTAG 
R: TTGGCCTGCTCCAATAAGAC 
118-138 0.24 0.24 4 
Msc23 Schultz et al. 2010 GU206372 
(GATA)2   
(GAT)     
(GATA)2   
(GAT)     
(GATA)15 
F: GCTTCTCTGTTTCTATCTCAAATAAAT                   
R: CTCCTTCCTGGCTGCTTATG 
160-168 0.48 0.50 3 
Ms9 
Schultz et al. 2009 EU913766 (GAAA)18 
F: CCAAAGCCTATTTCTTTCAATCC 
R: AGCAGAGGCCCTAAGACAGG 
297-317 0.67 0.68 6 
Ms15 Schultz et al. 2009 EU913767 
(CCTT)6   
CCCT 
(CCTT)6 
F: CTGAATTCATGCTGTATCTTGG                              
R: GTGCTTGGGACATGATGG 
203-315 0.54 0.56 3 




F: CGCTTAGTGTGGAGTCACTTAGG                         
R: GTGAGATGAATGCCCTTTGG 
340-370 0.76 0.78 9 
Ms265 Schultz et al. 2009 EU913769 (GT)13 
F: GACTGGTAATTTACGCCCTACC 
R: AAGTGTTGGGTTGAAAATTGG 
158, 162 0.50 0.49 2 
Ms504 Schultz et al. 2009 EU913763 (AAG)24 
F: ATCAGCTATCAGGGGTAGGG 
R: GTCATTCCCTAGTGGTAAAGACTC 
308, 326 0.28 0.29 2 
Ms647 Schultz et al. 2009 EU913765 (TG)14 
F: GAACTCCAAACAGCCATTCC 
R: CCTGCTCCTTCTTTCTGATCC 
115, 117 0.44 0.46 2 
Ms663 Schultz et al. 2009 EU913764 (TC)11 
F: TCAACTTCTCAATTTAGGATTCACA 
R: GCAAAAAGGGATGAGCCATA 
290, 294 0.31 0.31 2 
Hg6.3 Allen et al. 1995 G02092 (GT)18 
F: CAGGGGACCTGAGTGCTTATG 
R: GACCCAGCATCAGAACTCAAG 









Table 4-3. Distribution of private alleles identified at 17 loci in time partitions for any 
single island (grey), in one partition for any single island (red), and at one island in one 
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Table 4-4. Summary of genetic diversity estimates for all loci of entire population 
(NWHI and MHI combined), according to partitioned time increments (“Before 91,” “91 
to 96,” “97 to 02,” “03 to 07”) and over entire time of study (“All years”).  Allelic 
richness with rarefaction (Ar), sample size (N), observed (Ho) and expected (He) 
heterozygosity, unbiased heterozygosity (UHe), inbreeding coefficient (Fis), Hardy-
Weinberg equilibrium (HWE threshold P-value <0.05) likelihood ratio (glb), 
homozygosity excess (hom), and heterozygosity excess (het), and 95% confidence 
interval for Fis (Fis(low), Fis(up)) based on 1000 bootstrap iterations in the diveRsity R 
package [29].   
 
Statistic Before 91 91 to 96 97 to 02 03 to 07 All years 
Ar 1.93 1.79 2.46 1.92 1.92 
N 77 144 296 268 785 
Ho 0.39 0.39 0.41 0.39 0.39 
He 0.36 0.38 0.40 0.37 0.38 
UHe 0.39 0.41 0.40 0.39 0.40 
Fis -0.10 -0.04 -0.02 -0.05 -0.05 
HWE(glb) 0.75 0.66 0.03 0.52 0.25 
HWE(hom) 0.94 0.89 0.36 0.87 0.40 
HWE(het) 0.93 0.79 0.54 0.82 0.34 
Fis(low) -0.45 -0.24 -0.07 -0.29 -0.28 






Tables 4-5 (A-E).  Genetic diversity summary per island population for all data partitions.  
Listed from northwest to southeast, the populations in the Northwestern Hawaiian Islands 
include Kure Atoll (Kur), Midway Atoll (Mid), Pearl and Hermes Reef (PHR), Lisianski 
(Lis), Laysan (Lay), and French Frigate Shoals (FFS), and Nihoa (Nih).  The main 
Hawaiian Islands include Kauai (Kau), Oahu (Oah), and Molokai (Mol). Allelic richness 
with rarefaction (Ar), sample size (N), observed (Ho) and expected (He) heterozygosity, 
unbiased heterozygosity (UHe), inbreeding coefficient (Fis), Hardy-Weinberg equilibrium 
(HWE threshold P-value < 0.05) likelihood ratio (glb), homozygosity excess (hom), 
heterozygosity excess (het), and 95% confidence interval for Fis (Fis(low), Fis(up)) based 
on 999 bootstrap iterations in the diveRsity R package [29]. Bold type indicates 
significance; underlining highlights the positive inbreeding coefficient (Fis).   
 
(A) 
All years NWHI             MHI 







Ar 1.92 1.99 1.97 1.97 1.93 1.95  NA 1.86 NA 1.83 
N 121 56 122 112 149 217  1 3 1 3 
Ho 0.39 0.42 0.41 0.40 0.37 0.40  NA 0.39 NA 0.36 
He 0.38 0.41 0.41 0.41 0.39 0.40  NA 0.32 NA 0.31 
UHe 0.39 0.42 0.41 0.41 0.39 0.40  NA 0.39 NA 0.37 
Fis -0.01 -0.02 -0.02 -0.01 0.03 0.00  NA -0.20 NA -0.17 
HWE 
(glb) 
0.00 0.00 0.00 0.00 0.00 0.00  NA 1.00 NA 1.00 
HWE 
(hom) 
0.02 0.09 0.00 0.31 0.79 0.02  NA 1.00 NA 1.00 
HWE 
(het) 
0.01 0.68 0.00 0.05 0.00 0.00  NA 1.00 NA 1.00 
Fis(low) -0.05 -0.06 -0.05 -0.03 0.01 
-
0.03 
 NA -1.00 NA -1.00 
Fis(up) 0.01 0.01 0.01 0.01 0.05 0.02  NA -0.20 NA -0.17 








Before 91 NWHI            MHI 







Ar 1.88 -- 1.95 NA 1.95 1.93  -- -- -- -- 
N 3 -- 4 1 8 61  -- -- -- -- 
Ho 0.37 -- 0.39 NA 0.40 0.40  -- -- -- -- 
He 0.31 -- 0.35 NA 0.38 0.39  -- -- -- -- 
UHe 0.37 -- 0.40 NA 0.41 0.39  -- -- -- -- 
Fis -0.19 -- -0.15 NA -0.04 -0.01  -- -- -- -- 
HWE 
(glb) 
1.00 -- 1.00 NA 1.00 0.01  -- -- -- -- 
HWE  
(hom) 
1.00 -- 1.00 NA 1.00 0.76  -- -- -- -- 
HWE 
(het) 
1.00 -- 1.00 NA 1.00 0.74  -- -- -- -- 
Fis(low) -1.00 -- -0.53 NA -0.20 -0.05  -- -- -- -- 







91 to 96 NWHI            MHI 







Ar 1.75 1.91 1.78 1.80 1.73 1.77  -- -- -- -- 
N 22 2 40 13 7 60  -- -- -- -- 
Ho 0.39 0.42 0.40 0.40 0.33 0.40  -- -- -- -- 
He 0.38 0.33 0.40 0.40 0.36 0.40  -- -- -- -- 
UHe 0.39 0.44 0.41 0.42 0.38 0.41  -- -- -- -- 
Fis -0.01 -0.27 0.00 -0.01 0.07 0.00  -- -- -- -- 
HWE 
(glb) 
0.95 1.00 0.00 1.00 0.99 0.04  -- -- -- -- 
HWE 
(hom) 
1.00 1.00 0.40 1.00 1.00 0.95  -- -- -- -- 
HWE 
(het) 
0.98 1.00 0.42 1.00 1.00 0.35  -- -- -- -- 
Fis(low) -0.11 -1.00 -0.05 -0.11 -0.13 -0.04  -- -- -- -- 
Fis(up) 0.04 -0.27 0.03 0.02 0.09 0.03  -- -- -- -- 








97 to 02 NWHI            MHI 







Ar 2.44 2.50 2.47 2.41 2.48 2.48  -- -- -- -- 
N 48 25 51 37 78 57  -- -- -- -- 
Ho 0.37 0.43 0.42 0.41 0.38 0.43  -- -- -- -- 
He 0.38 0.41 0.40 0.40 0.39 0.40  -- -- -- -- 
UHe 0.38 0.42 0.41 0.41 0.39 0.41  -- -- -- -- 
Fis 0.00 -0.03 -0.04 -0.01 0.02 -0.06  -- -- -- -- 
HWE 
(glb) 
0.00 0.19 0.00 0.00 0.00 0.00  -- -- -- -- 
HWE 
(hom) 
0.53 0.76 0.08 0.42 0.40 0.01  -- -- -- -- 
HWE 
(het) 
0.09 0.98 0.95 0.28 0.05 0.89  -- -- -- -- 
Fis(low) -0.05 -0.10 -0.09 -0.07 -0.01 -0.10  -- -- -- -- 
Fis(up) 0.04 -0.01 -0.01 0.02 0.04 -0.03  -- -- -- -- 

















03 to 07 NWHI            MHI 







Ar 1.91 1.99 1.96 1.96 1.91 1.93  NA 1.86 NA 1.83 
N 48 29 27 61 56 39  1 3 1 3 
Ho 0.40 0.42 0.40 0.40 0.36 0.37  NA 0.39 NA 0.36 
He 0.38 0.41 0.40 0.40 0.38 0.39  NA 0.32 NA 0.31 
UHe 0.39 0.41 0.40 0.40 0.38 0.39  NA 0.39 NA 0.37 
Fis -0.05 -0.01 -0.03 -0.02 0.02 0.04  NA -0.20 NA -0.17 
HWE 
(glb) 
0.04 0.04 1.00 0.02 0.12 0.92  NA 1.00 NA 1.00 
HWE 
(hom) 
0.17 0.96 1.00 0.86 1.00 1.00  NA 1.00 NA 1.00 
HWE 
(het) 
1.00 0.96 1.00 0.87 0.16 0.57  NA 1.00 NA 1.00 
Fis(low) -0.10 -0.07 -0.09 -0.06 -0.02 -0.02  NA -1.00 NA -1.00 
Fis(up) -0.02 0.02 -0.02 0.00 0.04 0.07  NA -0.20 NA -0.17 






Tables 4-6 (A-E). Genetic diversity values for pairwise comparisons of Fst and analogous 
estimators between populations in the “All years” data set (N = 785). (Fst values greater 
than 0.05 are highlighted in bold. Estimators are as follows: Weir & Cockerham’s Fst 
[31], Nei and Chesser’s gst [32], Hedrick’s Gst [33], Meirmans and Hedrick’s GGst [34], 
and Jost’s D [35]. Results from pairwise comparisons across the four other data partitions 
are provided in  
Appendix I.) 
(A)                                                              Fst 
 NWHI MHI 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur --        
Mid 0.01 --       
PHR 0.01 0.01 --      
Lis 0.02 0.01 0.02 --     
Lay 0.02 0.01 0.02 0.01 --    
FFS 0.02 0.01 0.02 0.01 0.01 --   
Kau 0.01 -0.01 0.01 0.00 0.00 0.01 --  
Mol 0.04 0.04 0.06 0.05 0.03 0.03 0.01 -- 
 
(B)                                                               D 
 NWHI MHI 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur --        
Mid 0.00 --       
PHR 0.00 0.00 --      
Lis 0.00 0.00 0.00 --     
Lay 0.00 0.00 0.01 0.00 --    
FFS 0.00 0.00 0.00 0.00 0.00 --   
Kau 0.00 0.00 0.00 0.00 0.00 -- --  
Mol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -- 
 
(C)                                                              gst 
 NWHI MHI 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur --        
Mid 0.01 --       
PHR 0.01 0.00 --      
Lis 0.01 0.01 0.01 --     
Lay 0.01 0.01 0.01 0.01 --    
FFS 0.01 0.01 0.01 0.01 0.00 --   
Kau 0.00 0.00 0.01 0.00 0.00 0.01 --  






(D)                                                             Gst 
 NWHI MHI 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur --        
Mid 0.01 --       
PHR 0.01 0.01 --      
Lis 0.03 0.02 0.02 --     
Lay 0.02 0.02 0.02 0.02 --    
FFS 0.02 0.02 0.02 0.01 0.01 --   
Kau 0.01 -0.01 0.01 0.01 0.00 0.02 --  
Mol 0.04 0.05 0.07 0.07 0.04 0.04 0.02 -- 
 
(E)                                                            GGst 
 NWHI MHI 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur --        
Mid 0.02 --       
PHR 0.02 0.01 --      
Lis 0.04 0.02 0.03 --     
Lay 0.03 0.02 0.04 0.02 --    
FFS 0.03 0.02 0.03 0.02 0.01 --   
Kau 0.01 -0.01 0.02 0.01 0.00 0.02 --  





Tables 4-7 (A-E). Matrices of P-values for pairwise Fisher’s Exact test comparisons of 
genotype distributions between island populations. (Color codes are used to highlight the 
comparisons according to time increments sampled.  NA indicates that no data were 
available.  P-values  
(< 0.05) in bold indicate a significant difference in the distribution of genotypes between 
island populations.) 
(A)                                                      Before 1991 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur  -- NA 1.00 NA 1.00 0.67 NA NA 
Mid 1.00  -- NA NA NA NA NA NA 
PHR 0.01 0.99  --   0.94 0.13 NA NA 
Lis 0.05 1.00 0.06  -- NA NA NA NA 
Lay 0.33 1.00 0.39 0.91  -- 0.32 NA NA 
FFS 0.01 1.00 0.00 0.06 0.23  -- NA NA 
Kau NA NA NA NA NA NA  -- NA 
Mol NA NA NA NA NA NA NA  -- 
(B)                                                     1991 to 1996 
         
(C)                                                     1997 to 2002 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur  -- 0.00 0.00 0.00 0.00 0.00 NA NA 
Mid 0.01  -- 0.05 0.01 0.00 0.00 NA NA 
PHR 0.10 0.15  -- 0.00 0.00 0.00 NA NA 
Lis 0.00 0.00 0.03  -- 0.00 0.00 NA NA 
Lay 0.00 0.00 0.00 0.00  -- 0.00 NA NA 
FFS 0.00 0.15 0.08 0.00 0.11  -- NA NA 
Kau 0.94 0.96 0.74 0.80 0.90 0.98  -- NA 
Mol 0.57 0.91 0.36 0.46 0.78 0.98 1.00  -- 
(D)                                                     2003 to 2007 
        
 
 
(E)                                                        All years 
Pop Kur Mid PHR Lis Lay FFS Kau Mol 
Kur  -- 0.00 0.00 0.00 0.00 0.00 0.89 0.84 
Mid    -- 0.00 0.00 0.00 0.00 0.97 0.80 
PHR      -- 0.00 0.00 0.00 0.77 0.43 
Lis        -- 0.00 0.00 0.86 0.48 
Lay          -- 0.00 0.94 0.77 
FFS            -- 0.68 0.83 
Kau              -- 1.00 




Table 4-8.  First generation migrant (F0) assignments across islands using GENECLASS, version 2 [42]. Islands of first 
observation (O) and islands identified for emigration (A) as indicated by |–log (L_home/L_max) values. Significant (P < 0.01) 
values for –log(L) calculations in bold. 
 
Sample 
ID (F0) Sex O 
-log(L_home  
-log(L) by Island 
/L_max) A Kur Mid PHR Lis Lay FFS Nih Kau Oah Mol 
RI25 F Mol 5.64 Kur 16.36 16.80 17.05 17.48 17.02 16.65 21.67 18.27 25.80 22.00 
R5AL F Mol 5.54 Kur 16.05 18.16 18.37 18.49 17.24 17.10 25.84 21.30 27.91 21.59 
RV08 M Oah 8.57 Lay 21.50 20.94 21.04 21.03 20.57 21.62 27.23 26.15 0.00 27.51 
RI19 M Kau 2.22 PHR 17.74 18.16 17.63 17.71 18.00 18.18 22.53 19.85 26.74 19.50 
RO26 F Kau 3.08 Lay 20.08 19.58 20.11 19.50 18.60 19.93 24.88 21.69 27.20 24.32 
RO12 M Kau 6.93 Mid 18.91 18.04 18.89 19.45 18.31 18.70 24.87 24.97 27.81 24.59 
RB22 M Nih 5.72 Kur 19.16 20.16 19.93 21.16 22.30 22.13 0.00 21.25 28.03 24.00 
Y323 F FFS 3.42 PHR 24.69 22.21 20.72 22.09 22.96 24.13 28.45 26.60 30.18 24.76 
YC42 F FFS 2.24 Mid 18.59 17.95 18.73 19.62 19.63 20.18 24.56 22.04 26.01 23.57 
YP27 M FFS 1.65 Kur 17.01 18.27 19.33 19.40 18.63 18.66 25.65 22.99 24.95 24.18 
YE32 F FFS 2.18 Mol 16.46 17.76 17.62 17.24 16.35 16.38 24.07 19.33 25.19 14.21 
YI13 F FFS 2.71 Kau 21.53 20.32 20.66 19.93 19.28 20.31 25.94 17.60 28.82 24.04 
YB26 F FFS 1.75 Lis 20.03 19.49 18.46 18.14 18.33 19.89 27.20 24.38 25.23 24.81 
TK25 M Lay 2.18 Lis 29.63 26.33 26.59 24.94 27.12 25.60 30.55 28.28 25.90 30.02 
TY78 M Lay 2.94 Kau 18.40 18.73 19.00 20.30 18.97 19.24 23.91 16.03 26.67 22.50 
TY80 F Lay 1.65 Kur 20.15 21.22 20.57 20.90 21.80 20.61 28.27 25.75 29.97 21.61 
T809 M Lay 1.68 Kur 18.57 19.94 19.27 19.31 20.25 19.34 28.90 27.51 24.47 28.65 
TO74 M Lay 2.21 Mid 21.85 17.46 18.45 21.07 19.67 20.51 23.35 20.01 26.83 25.32 
TO24 F Lay 2.78 Kur 17.59 19.11 18.21 19.65 20.36 19.98 23.33 23.04 25.26 27.16 
GC06 F Lis 2.01 Mid 20.95 19.77 20.41 21.78 20.75 20.80 27.80 24.51 27.17 25.56 
GE26 F Lis 1.75 Lay 14.72 14.16 14.47 15.43 13.69 14.17 20.89 15.43 24.79 15.33 
GR40 M Lis 1.93 Mol 22.69 21.13 22.44 21.58 20.68 20.45 27.20 22.51 27.99 19.64 








BC37 F PHR 2.11 FFS 21.01 21.35 21.97 20.67 20.57 19.85 25.60 26.55 25.41 23.14 
B4AN F PHR 2.09 Kur 16.38 17.18 18.47 18.42 16.81 16.98 23.23 20.02 27.74 20.93 
B5AM F PHR 1.84 Mid 23.21 22.22 24.07 24.62 22.29 24.71 29.77 28.16 29.43 27.25 
BQ25 M PHR 2.48 FFS 24.15 22.47 23.29 22.90 21.88 20.80 26.09 23.11 26.26 22.04 
BY00 F PHR 1.61 Kur 15.23 16.80 16.84 16.79 17.70 16.27 20.35 20.90 25.40 21.78 
B6AL F PHR 2.01 Mid 23.70 21.71 23.72 22.69 23.45 23.26 23.97 25.61 26.01 22.63 
RH12 F Mid 1.99 Kur 19.53 21.52 20.86 21.08 20.62 20.81 26.99 25.67 27.94 25.99 
RH20 M Mid 2.47 PHR 19.91 20.99 18.52 20.90 21.70 21.14 23.45 22.61 27.70 24.20 
RM12 F Mid 2.35 Lay 19.78 21.24 20.31 19.56 18.88 18.89 25.34 22.11 30.04 19.94 
RR00 F Mid 1.85 FFS 17.10 18.43 18.19 17.59 17.78 16.58 23.99 22.52 26.93 21.78 
RR02 F Mid 1.78 Lay 21.13 19.60 21.37 20.77 17.82 18.30 25.43 26.14 24.36 21.68 
RR04 M Mid 2.52 FFS 21.56 21.59 20.86 20.12 19.40 19.07 28.48 27.93 26.67 23.22 
PV00 F Mid 1.72 Lis 17.36 17.65 17.02 15.93 17.66 16.73 25.25 21.90 24.72 23.44 
KI03 M Kur 2.01 Lis 20.26 19.80 19.92 18.25 20.70 20.24 24.61 21.62 26.32 25.85 
KI39 M Kur 1.77 Lis 19.90 19.54 19.70 18.13 18.95 19.72 27.70 22.91 29.22 23.90 
KO42 M Kur 1.68 Mid 20.39 18.72 19.80 20.31 19.20 19.61 24.20 20.81 24.78 23.84 
KO30 F Kur 2.26 PHR 24.03 23.01 21.77 23.31 25.25 26.33 26.91 27.04 30.33 29.55 











Table 4-9 (A-E).  Results of bidirectional estimates of relative migration rates using the 
divMigrate function in the diveRsity R package [29]. (Underlined values highlight 
relative migration rates of 0.80 or greater. Islands listed in the far left column are 
interpreted as the island from which a migrant leaves. For example, the migration rate 
from Kure (row 1) to Midway (column 2) is 0.63, whereas the migration rate from 





NWHI  MHI 
 Kur Mid PHR Lis Lay FFS  Kau Mol 
Kur -- 0.63 0.65 0.39 0.42 0.49  0.05 0.03 
Mid 0.50 -- 0.89 0.49 0.49 0.51  0.05 0.03 
PHR 0.55 0.85 -- 0.43 0.38 0.52  0.04 0.03 
Lis 0.37 0.49 0.44 -- 0.57 0.71  0.04 0.03 
Lay 0.46 0.54 0.41 0.62 -- 1.00  0.04 0.04 
FFS 0.46 0.57 0.52 0.68 0.93 --  0.04 0.03 
Kau 0.12 0.15 0.14 0.16 0.19 0.15  -- 0.03 









Before 91                                          NWHI  MHI 
 Kur Mid PHR Lis Lay FFS  Kau Mol 
Kur -- -- 0.27 -- 0.28 0.64  -- -- 
Mid -- -- -- -- -- --  -- -- 
PHR 0.29 -- -- -- 0.28 0.6  -- -- 
Lis -- -- -- -- -- --  -- -- 
Lay 0.16 -- 0.15 -- -- 0.49  -- -- 
FFS 0.18 -- 0.21 -- 0.99 --  -- -- 
Kau -- -- -- -- -- --  -- -- 






91 to 96 NWHI  MHI 
 Kur Mid PHR Lis Lay FFS  Kau Mol 
Kur -- 0.14 0.62 0.32 0.23 0.73  -- -- 
Mid 0.26 -- 0.27 0.18 0.14 0.28  -- -- 
PHR 0.56 0.11 -- 0.42 0.25 0.95  -- -- 
Lis 0.34 0.09 0.45 -- 0.25 0.61  -- -- 
Lay 0.29 0.09 0.47 0.33 -- 0.49  -- -- 
FFS 0.64 0.12 1.00 0.54 0.28 --  -- -- 
Kau -- -- -- -- -- --  -- -- 









97 to 02 NWHI  MHI 
 Kur Mid PHR Lis Lay FFS  Kau Mol 
Kur -- 0.53 0.58 0.51 0.64 0.57  -- -- 
Mid 0.43 -- 0.65 0.59 0.53 0.37  -- -- 
PHR 0.50 0.61 -- 0.55 0.50 0.53  -- -- 
Lis 0.48 0.61 0.57 -- 0.90 0.76  -- -- 
Lay 0.72 0.57 0.62 0.94 -- 1.00  -- -- 
FFS 0.48 0.40 0.58 0.67 0.85 --  -- -- 
Kau -- -- -- -- -- --  -- -- 








03 to 07 NWHI  MHI 
 Kur Mid PHR Lis Lay FFS  Kau Mol 
Kur -- 0.80 0.78 0.57 0.44 0.54  0.08 0.05 
Mid 0.64 -- 0.75 0.64 0.62 0.78  0.07 0.05 
PHR 0.63 0.73 -- 0.56 0.44 0.61  0.05 0.03 
Lis 0.53 0.71 0.54 -- 0.66 0.70  0.06 0.04 
Lay 0.48 0.68 0.44 0.74 -- 0.91  0.06 0.06 
FFS 0.55 0.84 0.59 0.79 1.00 --  0.06 0.05 
Kau 0.21 0.22 0.17 0.25 0.27 0.21  -- 0.05 








Tables A-1 (A-D).  Pairwise comparisons of Fst and analogous genetic diversity 
estimators (E) with lower (-) and upper (+) bounds of 95% confidence intervals for all 
data partitions.  (No data due to lack of population sampling effort is indicated by (--).  
The “03 to 07” is the only partition that includes populations from Kauai and Molokai. 




Fst D gst Gst GGst 




0.01 -0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.01 0.01 -0.01 0.03 0.01 -0.02 0.04 
FFS 
vs. Lis 












0.02 -0.01 0.04 0.00 0.00 0.01 0.01 -0.01 0.03 0.02 -0.02 0.06 0.03 -0.03 0.07 
Lay 
vs. Lis 












0.01 -0.04 0.06 0.00 0.00 0.00 0.01 -0.02 0.03 0.01 -0.04 0.08 0.02 -0.07 0.10 
Lis vs. 
PHR 
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
Lis vs. 
Mid 
-- -- -- -- -- -- -- -- -- -- -- -- -- -- -- 
Lis vs. 
Kur 
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0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.03 0.02 0.00 0.03 
Lis 
vs. 
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Data management and quality control for consensus genotyping 
Including replicates and 89 controls, 3,567 samples were processed and yielded genotype 
data for 2,404 individuals using 24 primers characterized by Mihnovets et al. (2016).  Of 
these samples, 23 failed to yield results, and 768 were removed due to evidence of 
contamination.  It was not feasible to generate a uniform number of PCR replicates for all 
samples.  However, between two and five replicate samples were amplified for 291 
individuals, which constitute 12.10% of all individuals sampled.  Out of 2,404 
individuals, 1192 were completely genotyped at all 24 loci.   
 
A database was created using Microsoft Access (v2007) to archive all individual 
genotypes generated using the 24 primers of Mihnovets et al. (2016) and 18 primers of 
Schultz et al. (REFS) (Table 2), and to facilitate integrative queries for genetic and 
population demography data.  Any combination of variables can be queried according to 
a unique identifier assigned to each individual seal.  The database contains datasets 
consisting of five demographic survey variables (year first observed, year sample 
collected, age, sex, size first observed and at sample collection), seven spatial variables 
(island first observed, island first sampled, translocation (island from/to), island code, 
island name, longitude/latitude coordinates), seven spatial and temporal variables 
associated with individual translocations between islands, DNA archive storage locations 
for each DNA sample, and all available genotype data associated with unique 
identification numbers, for a total of 2,409 individuals (Figure S1).  The database also 
contains data for an additional 1,199 samples that were either replicates of certain 
individuals or that originated from individuals of unknown ID.  
 
Seal IDs were used to query replicate genotypes in Access, and the results were exported 
to an Excel spreadsheet.  Replicate data were then compared by using an automated 
command in Excel to identify and flag conflicting allele calls between replicate 
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genotypes of each locus.  These discrepancies were then individually examined by eye 
and were compared by re-examining their associated spectrogram data in 
GENEMAPPER.  When conflicting calls could not be resolved between two replicate 
genotypes due to conflicting heterozygote and homozygote calls at a given locus, the 
discrepancies were re-coded as “missing data” at the locus in question.  Final consensus 
genotypes for replicated individuals were then archived in a master Access database file, 
which contains a single final genotype for each individual seal.  The master file was 
queried to generate a table consisting of individuals for which complete genotypes at all 
42 loci were available (to minimize confounding effects associated with missing data). 
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CHAPTER 5. CONCLUSION 
 In this dissertation, evolutionary relationships, genetic variation, and gene flow 
were investigated in the genus Neomonachus, which is comprised of two New World, 
warm-water pinnipeds: the extinct Caribbean monk seal (N. tropicalis) and the 
endangered Hawaiian monk seal (N. schauinslandi).  This study included three main 
objectives: (1) to resolve outstanding molecular systematic questions pertaining to the 
extinct N. tropicalis and closely related species, (2) to develop new microsatellite marker 
tools that increase capabilities for individual genotyping and population genetic analyses 
of the endangered N. schauinslandi, and (3) to assess the genetic status (e.g., genetic 
diversity and population differentiation) of N. schauinslandi, with consideration of 
relevant conservation and management practices. 
 To achieve the first objective, minimally destructive collection techniques were 
used to obtain tissue samples from museum specimens of N. tropicalis dating back over 
150 years, laboratory protocols were optimized to extract total genomic DNA from the 
samples, and new mitochondrial genome sequence data generated by collaborators at 
Johns Hopkins University were annotated and characterized.  The resulting mitochondrial 
genome was then used in molecular systematic analyses to resolve the phylogeny of tribe 
Monachini, with strong support for the placement of M. monachus as basal to sister 
species N. tropicalis and N. schauinslandi.  The added molecular resolution provided by 
the complete mitogenome of N. tropicalis also clarified the phylogenetic placement of the 




 To achieve objectives 2 and 3, novel molecular laboratory protocols were 
optimized for 24 new markers, to facilitate the efficient microsatellite genotyping of N. 
schauinslandi tissue samples collected and archived by the Hawaiian Monk Seal 
Research Program over the past four decades. A total of 3,567 tissue samples were 
processed, ultimately yielding varying degrees of genotype coverage for 2,404 
individuals.  Using the new microsatellite markers alone, 1192 individuals were 
completely genotyped at all 24 loci.  By integrating the new microsatellite marker data 
with a previous data set that included 18 other loci, genotypes were generated for 2404 
individuals.  Of these, there were complete genotypes (no missing data) for 785 
individuals.  The complete genotype data set was used to assess genetic diversity and 
population differentiation in a battery of genetic analyses, and some of the new analytical 
approaches prompted interest among managers in testing with more uniform sample 
sizes.  Sample sizes suffered due to the limitation of analyses including only individuals 
with complete coverage across all 42 loci. However, doing so enabled a contrast between 
using complete and incomplete genotype data for population level analyses. Overall, 
results corroborated previous findings of high levels of gene flow and low levels of 
genetic diversity.  Thus, there was no evidence to generate concern regarding the 
potential impact of translocation (used as a management tool to facilitate survival) on the 
population genetic processes of N. schauinslandi.  However, the resulting genotype data 
will be useful for further consideration of individual-level genetic processes within a 
conservation and management context.  
Contributions and Implications 
 This research involved evolutionary and population genetic research at several 
hierarchical levels, and across a scale unlike that in previous research for New World 
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monk seals, with various implications for conservation and future evolutionary and 
ecological research.   
 Chapter Two contributes to a rich body of pinniped studies by using ancient DNA 
methods in combination with cutting-edge high throughput sequencing technologies to 
sequence the first complete mitochondrial genome of an extinct monk seal, N. tropicalis. 
This provides long sought-after molecular resolution and perspective on the evolutionary 
history of pinnipeds, particularly for tribe Monachini.  Furthermore, the mitogenome data 
will be useful to future total-evidence-based evolutionary studies seeking to resolve 
discrepancies between fossil, neo-morphological, and molecular evidence.  In a more 
contemporary context, since extinction risk and loss of evolutionary history in the age of 
the Anthropocene are often not phylogenetically random (Cadotte and Davies, 2010; 
Faith, 1992; Moritz and Faith, 1998; Purvis et al., 2000), the results of this study make 
pinnipeds a compelling case for future studies of biodiversity loss among closely related 
species.  For example, the complete mitogenome sequence will serve as an important 
reference in future efforts to examine mitochondrial haplotypes from other museum 
specimens of N. tropicalis, in order to capture a snapshot of the extent of genetic 
diversity that remained just prior its extinction.  Additionally, the technical pipeline used 
to sequence the mitogenome also generated raw data for total genomic fragments as a 
byproduct, thereby offering a rare opportunity to piece together chromosomal sequences 
of N. tropicalis in future inter- and intraspecific comparative genomic investigations.  
 In Chapter Three, a set of 24 new nuclear microsatellite markers was optimized to 
expand genotype profiles for 2,404 individuals of N. schauinslandi, to support population 
level investigations as part of this dissertation and additional individual level 
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investigations in the near future.  The results of this work constitute a more than two-fold 
increase in the number of molecular markers now available for population genetic 
analyses, and thus, the largest genetic data set ever generated for N. schauinslandi. Yet 
summary statistics of the new markers indicate comparable levels of genetic variation to 
those reported in previous studies, which reinforces concerns about the possible threats to 
species survival associated with low genetic diversity.   
In Chapter Four, results of the first exhaustive investigation to use strictly 
complete genotypes (no missing data) for N. schauinslandi suggest that the current extent 
of genotypic coverage is sufficient for population level analyses of genetic diversity and 
gene flow.  However, additional fine scale studies are needed to better understand 
individual level processes that may be contributing to observed genetic patterns of 
interest for population recovery efforts.  For example, it is generally accepted that 
translocation helps to maintain genetic diversity and does not introduce genetic threats 
such as outbreeding depression (Schultz, 2011). By facilitating migration and dispersal in 
small populations, translocation is used as a management tool to maintain meta-
population structure, to increase individual fitness (e.g., reproductive potential and 
juvenile survival), and to improve species’ status (Griffith et al., 1989; Storfer, 1999).  
Nevertheless, specific genetic factors that are not explicitly accounted for in current N. 
schauinslandi translocation protocols are worthy of further consideration by managers 
seeking to tailor protocols for optimal success. 
 The practice of translocating individuals to promote survival commonly includes 
broad assumptions associated with underlying ecological and evolutionary processes 
(e.g., population equilibrium, the demographic equality of migrants versus non-migrants, 
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relationships between population size and effective population size), which may 
contribute to observed genetic patterns.  Such assumptions prompt questions that are 
relevant to the genetic status of N. schauinslandi (Table 1).  To address these and other 
questions of conservation and management interest, work is currently underway to 
include the use of presently available microsatellite data in order to elucidate relatedness 
among individuals, male and female breeding patterns, and fitness.   Resulting answers 
are expected to help managers by enabling them to optimize for potential adaptive 
capacity and fitness when prioritizing conservation efforts or selecting candidates for 
translocation.  Continuous genetic monitoring could be implemented as a standard post-
translocation protocol to enable detection of genetic diversity declines and subsequent 
adjustment of translocation strategies to reduce further loss (Goossens et al., 2002). 
Next Steps 
 Genetic analyses conducted to date constitute a foundation upon which to develop 
a further understanding of the importance of genetic diversity for species persistence.  
Additional research efforts currently underway aim to understand how limited genetic 
diversity affects individual fitness, and to elucidate variables associated with male mating 
strategies and reproductive output that impact population viability.  This requires 
individual-level relatedness and parentage analyses, and an important outcome will be the 
development of a pedigree with which to directly estimate fitness.  Preliminary 
simulations and power analyses based on 785 individuals suggest that the newly 
expanded genotypic coverage is sufficient for inference of parental relationships within a 
strict confidence range.  However, preliminary parentage assignment results indicate that 
additional genotyping is necessary to increase samples sizes of offspring and candidate 
fathers in order to construct a pedigree for further fitness-related investigation.  
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Continuation of these efforts will enable conservation practitioners to further consider 
ecological and evolutionary processes that influence population viability (e.g., dispersal, 
kinship, sexual selection, and their influences on fitness (Kruuk and Hill, 2008; Wilson 
and Ferguson, 2002)).   
Dispersal  
 Translocation has been used as a management technique for several decades to 
minimize mortality.  This creates a challenge when using genetic data to infer non-
assisted movement patterns.  However, pedigree information could be useful for 
investigating fitness implications for individuals that remain in natal territory when 
breeding or that reproduce in different breeding sites throughout their lifetimes. 
Kinship  
Adult monk seals exhibit energetically costly behavior such as alloparenting and 
infanticide, which may be positively or negatively associated with kinship, and which 
may ultimately confer selective advantages.  Although numerous cases of alloparenting 
have been observed for nursing females, it is not clear whether these are random 
occurrences due to confusion (as breeding grounds support numerous mother-pup pairs), 
or whether alloparents that foster their young acquire selective advantages associated 
with increased inclusive fitness (Riedman, 1982). 
Cases of infanticide by adult males may be explained by sexual selection theory, 
which suggests that by killing unrelated offspring, reproductive adults improve the 
probability of survival for their own offspring.   Signaling the magnitude of concern over 
infanticide, in an effort to promote juvenile survival, managers have intervened on rare 
occasions by euthanizing particularly aggressive males. Yet the long-term demographic 
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implications of such actions are unknown.  By investigating the influence of genetic 
relatedness in alloparenting and infanticide, it may be possible to tailor management 
strategies to optimize survival and minimize mortality.   
Sexual selection 
Because monk seals mate in the water, it is not readily possible to observe their 
mating behavior.  However, it is generally believed that sexual dimorphism enables 
females to choose their mates.  Understanding mate choice is particularly important since 
it directly influences levels of genetic variation within populations.  Inbreeding avoidance 
may be a determining factor; females may prefer to mate with sires that have high 
reproductive success to ensure that male offspring in particular, or all offspring, will also 
be reproductively fit (the ‘sexy sons’ and ‘good genes’ hypotheses), or females may 
prefer mates with specific genetic profiles that confer an adaptive advantage (Clutton-
Brock and McAuliffe, 2009).  Development of a pedigree would facilitate detection of 
such factors by enabling quantification of individual reproductive output.    
Emerging opportunities 
 Additionally, the ever-increasing accessibility and feasibility of high throughput 
“omics” technologies offer more holistic opportunities to tackle urgent evolutionary and 
population genetic questions that directly relate to N. schauinslandi conservation.  Whole 
genome sequencing can expand the capacity to test for the influence of historical 
evolutionary processes such as drift or selection (Griffith et al., 1989; Leffler et al., 
2012), as well to as identify gene complexes that regulate innate and adaptive 
immunological responses (Grueber, 2015; Larsen et al., 2014; Longo et al., 2014).  
Building on Schultz’s (2011) comments, transcriptomic studies that identify patterns in 
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gene expression could be complemented by proteomic studies that seek to characterize 
the form and function of protein expression (Horgan and Kenny, 2011), thereby revealing 
critical elements of resilience within specific habitats or response to rapid environmental 
change. Genomic characterization of individual microbiomes can facilitate fine-scale 
understanding of an individual’s interaction with its environment, and can elevate 
consideration of co-evolutionary relationships between hosts and pathogens or symbionts 
(Amato, 2013), as well as yield insights into multi-factorial processes affecting animals’ 
health and tolerance or susceptibility to disease.  
 Regardless of scale or technological approach, genetic studies to date have 
provided managers with important perspectives on the genetic processes underlying 
observed population demography patterns in species of conservation concern, and will 
provide a valuable guide for future journeys into the uncharted ‘omics’ of N. 
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Table 5-1. Common assumptions underlying the use of translocation as a management 
tool for imperiled populations, and associated questions of relevance to management and 




Migration under population equilibrium 
Can small declining populations be in 
equilibrium?  What is the time to 
equilibrium following bottleneck? 
Migrants are demographically equal (and 
by extension, there are no impacts on 
their fitness) 
Are translocated individuals equally as 
likely to mate successfully (and become 
part of the gene pool) as other 
individuals?  
Effective population size = population 
size (number of breeding males must 
equal number of breeding females; 
otherwise a larger number of immigrants 
is required to maintain population size) 
What is the effective population size and 
the proportion of breeding males and 
females for the Hawaiian monk seal 
across its range, and on individuals’ 
islands of origin?    
 
 
 
